Computer-integrated testing methods for a printed circuit board manufacturing facility / by Saylor, Bett David
Lehigh University
Lehigh Preserve
Theses and Dissertations
1985
Computer-integrated testing methods for a printed
circuit board manufacturing facility /
Bett David Saylor
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Manufacturing Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Saylor, Bett David, "Computer-integrated testing methods for a printed circuit board manufacturing facility /" (1985). Theses and
Dissertations. 4482.
https://preserve.lehigh.edu/etd/4482
1· 
• ....... 
COMPUTER-INTEGRATED TESTING METHODS 
FOR A PRINTED CIRCUIT BOARD MANUFACTURING 
FACILITY 
by 
Brett David Saylor 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
Manufacturing Systems Engineering 
This thesis is accepted and approved in partial 
fulfillment of the requirements for the degree of 
Master of Science. 
_.,.,, .. ,_ .. _, __ ~ ... - __ ...... 
ii 
ACKNOWLEDGMENTS 
I would like to take this opportunity to thank Dr. 
Roger Nagel, Director of Manufacturing Systems 
Engineering at Lehigh University for his guidance and 
instruction during my graduate work at Lehigh; without 
it this thesis would not have been possible. 
I would also like to thank my parents for their 
concern and advice during my graduate studies. 
Finally, I would like to thank Linda for her 
patience and understanding during these past two years. 
--- ------
iii 
TABLE 0 F C O N T E N T S 
I.CHAPTER 1: GOAL OF THIS THESIS ...•••.•••.•••......•.• 3 2. CHAPTER 2 : INTRODUCTION ..•.•...••.•••.•.•.•.•.••.••.. 7 2.1.study of a Printed Circuit Board Plant •....•.•.. 9 2 . 1. 1. The Product . ............................ 14 2. 1. 2. The Process . ........................... . 15 2.1.2.1.component Insertion ...•.•.•.••. 15 2.1.2.2.Problems At Component Insert ... 19 2.1.2.3.Material Transport ...•.•....... 20 2.1.2.4.Subsequent Operations .•......•. 23 3.CHAPTER 3: CURRENT PC BOARD TEST STRATEGY ••..•..•.. 25 3.1.0pens and Shorts Testing .............••.••.••. 28 3.2.Data Separator Testing ..............••...•..•.. 31 3.3.Functional Testing .............•..•.•.•.•..•.• 32 3.4.Diagnostic Testing .............•..•.••.•.••.•. 34 3.4.1.Loopback Testing ............•.•••.••.••. 34 3.4.2.In-circuit Testing ..........•..••••••..• 35 3.5.Data Gathering in the PC Board Process .•.••.••. 39 4.CHAPTER 4: MANUFACTURING DEFECTS ...•..•••..•.•.••.• 41 4.1.Component Defects ...........•.•..•.••••••.•.••. 42 4.2.Manufacturing Defects .........••.••.••••.••.•.• 46 4.3.Functional Defects ............••••.••••••••..•. 48 5.CHAPTER 5: DATA COLLECTION IN THE PC BOARD LINE •.•.• 50 6.CHAPTER 6: SPECIFICATIONS FOR COMPUTERIZED TEST ••.•. 55 6.1.Functional Requirements .....••.•••..••.••••...• 55 6. 2. Physical Requirements .........•.••.••••••.••... 62 6.3.Typical Stations That Should be supported •..••. 65 6.3.1.Testing stations .......••••••.••••.••.•• 65 6.3.2.Analysis stations .....••..••.••••••..••. 66 6.3.3.Rework Stations ..... i ••••••••••••••••••• 66 6.3.4.Inspection station ..•.•.•••••••••••••••. 67 6.3.5.Manager's Station ...•...•.••••••••••.... 67 7.CHAPTER 7: TESTING METHODS PROPOSALS •••..•.••••.•..• 68 7.1.Review of Current Test Methodology •••.••.•..•.. 68 7.2.Disadvantages of current Methods •••••••.•.•..•• 71 7. 3. In-Line Testing ............................... 73 7.3.l.Manufacturing Problem Response ••••••..•. 73 7.3.2.Labor Reduction .......••.••.•.••••••..•• 77 7. 3. 3. Equipment Requirements •...••.••••••••••. 8 3 7.4.Development of Integrated Mfg. Environment ..... 90 8. CONCLUSIONS . .........................•.••..•••••.... 95 BIBLIOGRAPHY . ..............................••••..... 9 9 APPENDICES 
iv 
L I S T O F F I G U R E S 
1 :Production Line Flow Of The PC Board Plant ••••.••. 10 
2 :Test Head Bed Of Nails .••••••...• ~ .••••...•••••.... 13 
3 :Pass-Through DIP Automatic Insertion Machine ••••••. 21 
4 :Proposed Material Handling Conveyer System •••••.•.. 22 
5 :current PC Board Test Line Flow ...•••.••.•.•••••... 26 
6 :Current PC Board Test Equipment ••..•••••....•••••.. 27 
7 :Repair Loops in Current Test Line Flow •.••••••••.•• 70 
8 :Proposed In-Line Test Flow ....•.••.••••.•..••••••.. 75 
9 :Test Line Operator Requirements •.•..••••••••••••••• ao 
10 :Test Line Operator Expenses •.•....••.••...••••••... 84 
11 :Total Equipment Costs for Test Line ••.•.••••••••••• 86 
12 :Total Equipment and Operator Costs for Test Line ... 89 
13 :Plant-Wide Computer Integrated Mfg. System ...•••... 91 
.. 
14 : Wiebe Test Line •••....•••••••....•.•••••.•.••••••. 12 7 
' .......... _...,.. 
"·~, ,• '"' 
V 
ABSTRACT 
This thesis will examine the testing methodologies 
for a printed circuit board manufacturing environment 
and specify a computer-aided repair system that could 
expand, from the test line, to include a plant-wide 
computer integrated manufacturing system. The study of 
the PC board manufacturing facility provided an 
opportunity to investigate the causes of assembly 
defects and determine which testing methods -- visual, 
in-circuit, and functional -- would detect those 
defects. All have distinct advantages when used 
separately, but the greatest utility comes when all 
three are used in a well-structured testing environment. 
Test results, in an integrated system, can be used 
to monitor production line status, provide feedback on 
assembly problems as they occur, and give historic trend 
information on quality and yields. A computer-aided 
repair system allows test data to be captured and used 
in the repair operation. Benefits of computer-aided 
repair include more efficient use of repair operators, 
the elimination of paper instructions in the repair 
loop, and the ability to build a knowledge base to 
improve the diagnostic capabilities of the test 
equipment. Using in-circuit test equipment in-line, 
immediately following wave solder, will aid in detecting 
l 
defective conditions soon after assembly. 
The true benefits of computer integration will 
occur when the entire manufacturing process is tied 
together using data collected at inspection, insertion, 
wave solder, and testing to form a unified manufacturing 
system. 
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1. CHAPTER 1: GOAL OF THIS THESIS 
This thesis will examine testing strategies and 
their requirements in computer integrated manufacturing 
for printed circuit (PC) board assembly. The study was 
based on one company's PC board assembly plant but the 
material should find use in other electronics 
manufacturing applications. 
The study was beneficial in several ways. It 
provided the opportunity to examine an existing 
manufacturing facility with the intention of changing 
and improving the processes to meet the needs of a 
newly-built plant. It also provided a chance to explore 
manufacturing from a "systems" approach. The assembly 
of printed circuit boards involves not only complex 
computer-controlled machinery but also the flow of 
material between machines, the control of information on 
the shop floor, and the interaction of people with the 
assembly process. The last subject, that of people in 
the process, becomes important when trying to streamline 
and automate an assembly line. 
This study concentrated on the testing environment 
in a PC board plant -- that is, the verification of 
board functionality and the repair of those which do not 
meet the standards. These operations occur after the 
components of the board have been assembled and soldered 
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into place. 
Many of the PC boards manufactured by the company 
are designed around a microprocessor bus structure with 
direct memory access (DMA), customized logic gates, and 
analog circuitry. While the component count and board 
sizes vary between products, they share a common 
functionality. It would be desirable, therefore, to 
design a testing strategy that could accommodate any of 
the board types within the family. This generic 
approach to testing would minimize the need for 
dedicated, customized test equipment and would permit a 
flexible manufacturing operation. 
Testing generates more information than any other 
part of the assembly process and is well-suited to be 
included in a factory-wide computer integrated 
manufacturing system. The test and repair loop itself 
is accessible for automation in the form of automatic 
test equipment, paperless repair, robotic board loading 
and unloading, and the computerized analysis of the 
assembly line performance as measured by the test 
equipment. Most modern computer-controlled test 
equipment can be attached to a network to share data 
with other devices. 
The study took place during the summer and fall of 
1984. It began with a week-long review of the company's 
PC board facility where information was gathered about 
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the assembly and test processes. Through observations 
on the shop floor, interviews with operators, and 
discussions with manufacturing management and 
engineering personnel at several of the company's 
locations, a computer model of the process line was 
developed. This simulation allowed various ·equipment 
and process flow scenarios in assembly and test to be 
explored. 
A review of currently available commercial testing 
techniques was conducted to determine the test strategy 
best-suited to products such as those that will be made 
in the company's newly-constructed plant. The review 
covered in-circuit test sets, functional test equipment, 
and "paperless rework systems" which link test equipment 
and rework operator's terminals giving access to a 
common test data base. 
Information generated at testing can aid in the 
repair of boards, provide real-time feedback on the 
status and problems in the assembly line, and monitor 
trends in yields, product quality, and machine 
utilization. 
Recommended test and information gathering 
strategies were developed based on the current process 
and future requirements of making multiple types of 
boards in a flexible environment. Recommendations for 
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detecting and correcting faults through test and repair 
strategies, as well as ways of using the information 
generated in the test cycle to control the operation, 
will be· presented. 
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2, CHAPTER 2: INTRODUCTION 
As the demands for computing and telecommunications 
capabilities in business rise, the manufacturers of 
computer equipment will see ever-increasing pressures to 
produce large quantities of high-quality electronics at 
competitive pri~es. Trends towards very large-scale 
integrated circuits and densely populated printed 
circuit boards will continue, placing greater demands on 
the production capabilities of the manufacturers. 
Product life cycles will shrink and, in order to remain 
competitive, manufacturers will introduce automation and 
computer integration into the manufacturing process. 
Flexible manufacturing systems will be required to allow 
quick response to market changes. 
As the number of individual components in a system 
increases, the qualitv of each one must be extremely 
high for the system to function properly. Testing can 
insure high product quality by finding defective parts 
before the product is shipped to the customer. It can 
also give the manufacturer a method of monitoring and 
correcting defective conditions in the process before 
large amounts of defective product are made. 
With increased complexity of product~ comes testing 
methods that are also more sophisticated. Testing will 
be done with computer-controlled equipment linked, 
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though a network, to other computers which will monitor· 
and control the entire manufacturing process. The importance of efficient product testing will become more 
evident as profit margins shrink and the manufacturer, 
aware that testing can account for a large portion of the cost to produce an item, will seek ways to 
effectively use the resources that are available. 
Well-designed testing strategies can benefit the 
manufacturer in several ways. First, it can ensure that products spend the shortest amount of time possible in the manufacturing line, thus meeting customer demands 
on-time. This helps reduce the amount of costly work-in-process (WIP) on the factory floor. Second, the test 
strategy may help to lower costs by allowing the 
manufacturer to use the available resources (both 
equipment and human operators) more effectively. By 
utilizing the automatic test equipment (ATE) in an 
efficient manner, the manufacturer may realize extra 
capacity and be able to postpone the purchase of more 
equipment. Similarly, fewer additional operators may be 
needed as the production facility expands to meet growth demands. Finally, the producer of high-quality goods 
will have an advantage in the highly competitive 
electronics industry. Wise testing strategies can help 
ensure the quality levels demanded in today's market 
while maintaining a profitable operation. 
a 
2.1. study of a Printed Circuit Board Plant 
This summer was spent studying the operations of a 
company which manufactures printed circuit disk-drive 
controller boards like those used in many of today's 
personal computers. Four days were spent at an existing 
facility learning the product and the process from 
manufacturing personnel and shop floor operators. All 
facets of the production process were examined including 
incoming component preparation, insertion of parts into 
the boards, soldering, testing, inspection, and 
shipping. A diagram of this factory's flow is shown in 
Figure 1. Data was gathered on process flow, machine 
cycle times and failure rates, production yields, and 
problems that are currently encountered throughout the 
entire manufacturing process. 
The following months were spent with equipment 
vendors and with the company's manufacturing personnel 
at the newly-constructed plant. The 1984 International 
Test Conference in Philadelphia provided the opportunity 
to see the latest test equipment and speak with 
engineering and sales staff of the various ATE 
companies. This all was necessary to build a foundation 
of what is needed for modern printed circuit board 
manufacturing and to investigate the commercial 
offerings that might meet that need. 
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Printed circuit board assembly and test is, in many 
ways, similar to the process of making VLSI 
semiconductors. A single device is manufactured which, 
when finished, will have a dedicated function that may 
be tested using manual and automatic procedures. The 
boards go through a series of operations by machines 
which add value and complexity. 
However, PC board processing takes place at a much 
more macroscopic level than VLSI -- individual 
integrated circuits along with discrete resistors, 
capacitors, and transistors are assembled into a multi-
layer board in conditions much less stringent than the 
ultra-clean environment found inside most semiconductor 
plants. 
A completed printed circuit board is not yet 
considered a finished product until all of its functions 
have been tested. There are several ways of doing.this 
testing. The first is to place the board into the 
system for which it was designed and see if the 
equipment works as it should. If it functions properly 
under this in-house field trial it may be thought of as 
a good board. 
However, more sophisticated methods must be used to 
determine not only that the board is functioning 
properly, but that it will stand up to the conditions 
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that may be found after long hours of operation in the 
field. These "reliability" tests may take place either 
at the board or at the completed system level. They may 
be done on a sample basis or, when used in critical 
applications, they may be done on each and every board 
or system prior to shipment. 
Automatic testing equipment (ATE), which contains a 
computer, can be programmed to simulate real-life 
conditions and apply these to the board under test. ATE 
often have a "bed-of-nails" fixture that uses many 
small, nail-like probes to contact the points on the 
solder side of a circuit board that are not directly 
accessible through the board's edge connectors. An 
example of a bed-of-nails fixture is shown in Figure 2. 
ATE are generally able to store programs internally on a 
magnetic media such as a disk ~rive and recall them as a 
test is conducted. ATE vary in size and cost, ranging 
from small bench-top systems for $40,000 to expensive 
systems controlled by a minicomputer with fixed-disk 
storage that can cost $200,000. The features and 
capabilities increase with the cost, as does the 
capacity for the machine to gather and analyze data 
about the product. 
A computerized testing operation could gather and 
generate an overwhelmingly large amount of data about 
the test and subsequent rework of boards. The users of 
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Fig 2 Test· Head Bed of Nails 
the system, rather than being interested in every piece 
of data, are likely to want to know about exceptions to 
normal operation. An analysis tool would be needed to 
collect data, monitors the process, and reports specific 
instances when testing detected deviations in the 
process. The system could also be used to aid in board 
repair and to generate reports on trends of test 
parameters. 
The user must decide what type of testing 
environment would suit his needs. The flexibility of a 
bed-of-nails, computer-controlled ATE is likely 
desirable whenever production will be of more than one 
board type and in quantities that preclude the use of 
manually-controlled test ge.ar. As problem areas in the 
manufacturing process are identified, the user will want 
to examine what steps can be taken to automate data 
gathering and analysis to provide a tool for the 
identification and resolution of the problems. 
2.1.1. The Product 
The product studied is a disk-drive controller PC 
board such as the type used in several personal 
computers. The board controls the reading and writing 
of data to a 10 megabyte Winchester fixed disk located 
inside the computer chassis. The multi-layer PC board 
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measures approximately 11 inches by 3 1/2 inches in size 
and contains about 60 dual in-line packages (DIPs), 50 
resistors, 50 capacitors, ten transistors, five diodes,· 
several trimpots, two crystals, and several odd-formed 
components like jumper blocks and integrated circuit 
sockets. The board is designed to fit an expansion slot 
inside the CPU and variations of the board are used by 
several computer manufacturers. 
2.1.2. The Process 
2.1.2.1. Component Insertion 
In the current operation component parts such as 
DIPs, resistors, capacitors, odd-form parts, and bare 
boards are received at a central warehouse location, 
sorted, and placed into "kits" which hold enough parts 
to build 500 boards. Dual in-line integrated circuits 
are received in plastic shipping tubes, the capacitors, 
resistors and transistors in tape reels, and the 
crystals and other "odd-form" components in plastic 
bags. Some parts require preparation like lead forming 
or tape-mounting before they are used on the line. 
Bare PC boards and integrated circuits are not 
tested at the plant before they are used. Resistors, 
capacitors, and diodes receive a "verification" check to 
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test for proper value and orientation when ±hey are 
transferred from bulk storage tape reels to sequenced 
'tape reels. 
Depending on their physical configuration the 
components are either hand-inserted, such as the odd-
forms, or automatically inserted into the bare printed 
circuit boards by one of three different types of 
programmable "automatic insertion" (AI) machines.· 
Integrated circuits (both .300 and .600 inches wide) are 
inserted by the DIP (Dual In-Line) machine: Axial-
leaded resistors, capacitors, and diodes are inserted by 
the VCD (Variable Center-Distance) machine: Transistors 
and radial-leaded capacitors are inserted by the Radial 
machine. The AI equipment is programmed off-line using 
a manual position-locating machine that maps the hole 
locations on an actual bare board to the corresponding 
insertion position of a part. 
Boards are populated first by the DIP AI machine, 
then VCD, and finally radials. This order is necessary 
because once certain VCD and radial components are on a 
board, there is not enough clearance for the DIP machine 
to insert its parts. It takes about one minute to 
insert all of the DIP parts into a board and less than a 
minute for either the VCDs or the radials. The AI 
machines are controlled by an on-board DEC LSI-11/23 
processor and operate at rates up to several thousand 
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insertions per hour depending on the size of the board 
and type of component. Each machine usually requires 
one full-time operator to load and unload product, clear 
jams that occur, and keep the feed of parts flowing. 
Two methods are used to load and unload boards in 
the AI machines. In the manual machine, one board 
undergoes insertions while the operator is loading the 
next board into a circular "table" fixture. When the 
board is completed the table rotates and the new board 
is presented for insertion while the just-completed 
board is unloaded. The operators are known to "assist" 
the automatic rotation of the table by pulling it around 
more rapidly by hand. 
The pass-through AI machines are so named because 
they automatically pass the boards, one by one, from an 
input magazine through to an output magazine, removing 
the need for the operator to manually feed the boards. 
Magazines of 44 boards are queued at the input of the 
machine and empty magazines are placed at the output to 
receive completed boards. The machine still requires 
the full-time attention of an operator to clear part 
insertion jams and to maintain the proper part feed 
levels. 
Parts for a DIP machine are fed from the plastic 
tubes in which the circuits are shipped. The machine 
17 
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operator is required to constantly monitor the tubes and 
replace them when they empty. A reservoir inside the 
machine holds several parts as the tube is being 
replaced. Newer machines are available which hold 
multiple sticks of each part and index to a new tube as 
necessary. This cuts down on the need for constant 
operator attention to the parts feed. 
Parts to be inserted by the VCD machine are stored 
on a continuous tape with their leads in an unformed 
condition. The tapes are prepared prior to use on a 
component preparation machine called a "sequencer" which 
takes the resistors and capacitors from bulk reels and 
reassembles them on a reel in the order that they will 
be inserted. Sequencers operate at the rate of about 
20,000 parts per hour. 
Radial insertion machines combine a sequencer, a 
components verifier, and an component inserter in one 
unit. Tape reels of each individual component type are 
loaded on the machine and the parts are selected and 
verified in the order they are needed immediately prior 
to insertion. Three-legged components, such as 
transistors, can cause problems because the middle "leg" 
is not rigidly supported but rather only "guided" into 
its PC board hole during insertion. 
18 
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2.1.2.2. Problems Created At Component Insertion 
The automatic insertion process creates many of the 
production problems that lead to board test failures. 
The equipment is not able to detect when it mis-inserts 
a part by bending a pin underneath the body of a DIP, 
preventing entry of the pin into the PC board hole. The 
pin may have been bent before insertion or the damage 
may occur during the insertion process itself. 
Boards with pins bent in this manner can be difficult to 
detect visually. Many are weeded out when operators 
inspect the components prior to insertion and by visual 
inspectors after insertion, but some are not found until 
testing. Depending on the bend in the pin some may 
actually pass testing because partial electrical 
continuity will exist. 
Parts may also be inserted into the boards 
backwards because they were either reversed in their 
shipping tubes by the vendor or an operator inserted the 
tube into the machine in the wrong orientation. Parts 
incorrectly labeled by the supplier or mixed in the 
wrong tube may be unknowingly fed into the machine by an 
operator. These defects may be detected at inspection, 
but almost always will always be found during testing. 
There is no current method implemented to collect 
data at the AI equipment on the number of bent pins or 
19 
reverse parts detected as they occur. Nor does there 
exist a link between the testing stage to give immediate 
feedback to AI when a series of insertion defects are 
discovered. 
2.1.2.3. Material Transport 
since all pass-through AI equipment uses the same 
magazines, they may be used to transport boards between 
machines. The magazines await entry to a machine on a 
short roller conveyer attached to the input side of the 
machine. When the output magazine is full it moves away 
on another short conveyer and awaits manual transport to 
the next machine. An elevator mechanism indexes the 
magazines up or down. Figure 3 shows the layout.at the 
front of a pass-through DIP machine. 
Magazines are currently transferred between 
machines by operators using hand carts; this could also 
be done by an automatic material transport systems. A 
"crane"-t.ype robot or an automated guided vehicle (AGV) 
could move magazines between pre-defined pick-up points 
at each machine or the magazines could travel on a bi-
directional conveyor system, such as shown in Figure 4, 
which allows the output of any machine to feed the input 
of any other. 
20 
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2.1.2.4. Subsequent Operations 
Af'ter AI, the boards go through a manual "push 
line" where the odd-formed components such as DIP 
sockets and trim pots are inserted by human operators. 
Due to the manual nature of the operation, and the fact 
that the parts are somewhat less complex, there are 
fewer assembly defects attributable to this operation 
than to AI. 
The odd-form assembly is likely to become automated 
in the future using high-accuracy robots to pick and 
place components on the boards. Since tue robots could 
be equipped to detect and correct insertion errors as 
they occur, the number of defects generated by mis-
insertions should be small. 
Wave soldering follows the odd-form insertion. 
Boards are manually fed into a belt-driven conveyer 
which brings the bottom of each board in contact with a 
solder "wave" that fastens all of the component leads to 
the traces of the PC board. The boards are then cleaned 
in-line to remove all traces of the soldering flux. 
The solder operation creates another major class of 
failures -- solder bridges between connections, and 
opens due to the failure of the solder to make a 
connection. The parameters of the wave solder machine 
are manually controlled and there is no automatic link 
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between this system and any of the other manufacturing 
steps. 
After soldering the boards move into the testing 
phase of production. There are four types of testing 
are currently done: shorts and opens tests, data 
separator tests, final functional tests, and diagnostic 
tests. 
The current PC board assembly process utilizes 
automated equipment which is controlled by human 
operators. There is no automated material handling or 
any computerized links between insertion and subsequent 
inspection, soldering, and testing operations. 
2.4 
3. CHAPTER 3: CURRENT PC BOARD TEST STRATEGY 
The test strategy currently used to test PC boards 
is shown in Figure 5. Following wave solder inspection, 
the boards are checked for shorts between the conductors 
paths or "traces" which interconnect devices on the 
board. The same piece of test equipment also checks for 
open conditions which would indicate that parts were 
missing or traces cut open. The boards undergo a data 
separation test to check the analog circuitry which 
controls the reading and writing of data to the hard 
disk drive. They are then functionally tested on a 
personal computer-based system which checks that the 
boards work in the system for which they were designed. 
Failing boards at both data separator and functional 
test are diagnosed on an automatic test equipment (ATE) 
system which pinpoints the cause of the failure. This 
information is used by operators who repair or "rework" 
the boards, which are then re-tested. 
Each type of test requires an individual piece of 
test equipment (often referred to as a "test set"). The 
chart in Figure 6 indicates the type of equipment 
currently in use and whether the equipment is 
commercially manufactured or built in-house. 
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3.1. Opens and Shorts Testing 
A Fluke 3200A Manufacturing Defects Analyzer is 
used to detect shorts and opens on the traces of the 
printed circuit board immediately following the wave 
solder and prior to any other board testing. Its 
purpose is to detect all shorts that can occur during 
soldering. Due to the vast number of possible 
combinations, it is only programmed to detect certain 
open conditions such as missing components. 
Not only a product quality concern, this operation 
protects equipment in subsequent steps from the damaged 
that powering up a defective board could cause. 
The test set consists of: 
- The system mainframe (computer and test electronics) 
- Two vacuum hold-down bed-of-nails test heads 
- Two Remote Operator Consoles (ROC's) each having 
- A printer 
- A keypad/display 
- Two 811 floppy disk drives for program storage 
- A CRT Display 
Each test head and ROC is connected to the 
mainframe via a 25-foot RS-232 cable. 
The system has two test heads; however, they cannot 
operate simultaneously. While one head is testing, the 
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operator may un~oad and load the other head. When the 
the first head has completed its test the second head 
may begin. This procedure increases machine throughput 
by eliminating load/unload time as a part of the overall 
test time. The Fluke is able to test a maximum of 130 
boards per hour. 
A pass or fail board is indicated by a 
corresponding light on the ROC at the end of the test. 
Failure data is printed on the ROC's printer and 
manually transported, with the board, to rework. 
The Fluke is able to detect 100% of the shorted 
traces but, due to the number of test point connections 
needed for 100% opens testing, it only checks critical 
open conditions such as the presence of a part. In 
order to check for all possible opens the pin count on 
the bed-of-nails fixture would be so great that the 
vacuum could not pull the board down securely! 
The technician that repair the boards from Fluke 
use the failure information generated by the test set to 
localize the fault to one of several traces. He or she 
must then use an ohmmeter to further probe the board in 
an attempt to identify the exact cause of the problem. 
Common causes are bent component leads, solder splashes 
and bridges, and missing components. On the average, a 
Fluke reworker is able to repair about seven boards in 
an hour. 
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Because the Fluke test sets have been known to give 
unpredictable service in the past, four sets are 
currently in use even though, theoretically, two sets 
should be able to test the daily rate of boards 
produced. If only two Flukes were used, and one was to 
go out of service for an extended period, the production 
rate would effectively be halved. This particular 
capacity situation is addressed later in this study in a 
computer simulation of the test line. 
Programming of the Fluke is done in-house. The 
programmer must first enter the nomenclature that maps 
the board into a form understandable by the Fluke, then 
a good board is placed in the bed-of-nails and the Fluke 
"learns" the characteristics of the board. The entire 
process takes one or two days. The length of time 
necessary to get the bed-of-nails fixture from an 
outside supplier can be up to one month and each board 
type will require its own dedicated test fixture. 
The first-pass yield at Fluke test is approximately 
90%, up to 98% after one time through the repair loop. 
A Fluke 3200A system with two test heads costs about 
$50,000. 
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3.2. Data Separator Testing 
Following the opens and shorts testing the boards 
are tested on the data separator tester. This checks 
the analog section of board circuitry which controls the 
reading and writing of data to a hard disk drive. The 
test set, of in-house construction, allows the operator 
to monitor waveforms generated by the board and adjust 
several trim pots to bring the waveforms to within 
specifications. The operator monitors the waveforms on 
an oscilloscope and turns the potentiometers until the 
waveform is correct. The pots are then sealed to 
prevent further adjustment. 
Any board that fails data separator is tested on a 
GenRad 2275 in-circuit test set which attempts to 
isolate and identify the cause of the problem. The 
information received from the GenRad helps the rework 
operator pinpoint which device should be replaced. Once 
repaired, boards return to the GenRad for verification 
of repair. 
If the GenRad cannot diagnose the problem, the 
board is re-tested on the data separator. If it still 
fails, it is sent to a data separator "debug" technician 
who manually probes the board to determine the failure. 
A single data separator tester can process 55 boards per 
hour with a first-pass yield of 95%. 
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3.3. Functional Testing 
Functional testing is the final test done to the 
board before it leaves the manufacturing line. It is 
specified by the customer who provides a test system 
similar to the CPU in which the board will be used. The 
board is subjected to extended voltage margins and 
exercised, much as it would be in an actual computer 
system, to ensure proper operation. 
The functional tester should fail boards which 
contain manufacturing defects (like shorts and missing 
components) as well as those boards where there is some 
incompatibility between the individual components (such 
as timing or marginal voltage problems). 
Two types of testers are currently used -- a 
manually loaded set and one which is loaded by a robot. 
They conduct the same test, but the robotic test set has 
a bed-of-nails vacuum fixture to facilitate loading and 
unloading of boards. 
In using a manual tester the operator inserts the 
edge connector of the PC board into a socket on the top 
of the tester and plugs a cable from the tester into the 
PC board. When finished, a CRT displays the pass/fail 
information. In the event of a failure, an error code, 
displayed on the CRT, is manually recorded and attached 
to the board, which is then sent to the GenRad for 
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diagnosis. 
The robotic test "cell" consists of a customer-
specified functional tester fitted with a bed-of-nails 
test head, similar to that of the Fluke tester. Boards 
are fed to the cell in metal totes which hold about a 
dozen boards. An IBM 7545 scara-style robot is used to 
pick the boards from the tote and place them onto the 
bed-of-nails. The board is held in place by a vacuum 
while the test is in progress. When finished, the 
tester indicates to the robot whether the board should 
be placed in the "good board" tote or the "failed board" 
tote. The robot keeps track of the number of boards in 
a tote and can indicate a full outgoing tote or the need 
for more work. 
The functional tester is a low-cost machine and, as 
such, provides only limited error messages about board 
failures. As with any functional test which uses the 
edge connections of the PC board, it is difficult to 
pinpoint the exact cause of a failure. The tester 
checks out functional "blocks" of the board, but one 
given fault (such as a bad component) could manifest 
itself as several different functional failures. For 
this reason, the boards that fail are tested on the 
GenRad diagnostic tester to better pinpoint the problem. 
If the GenRad fails to find the fault, the board is 
checked on a manual "debug" test set known as the 
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"Loopback" tester. Technicians can use the information 
generated by the functional tester to give them a 
general idea of what part of the board to examine using 
the loopback set. None of the current functional 
testers are directly connected to a network or computer 
to gather information about the board test results. 
The manual testers are able to test about 55 boards 
per hour, and the robotic cell can test about 48 boards 
per hour. Since the robotic cell features only one test 
head, the robot load and unload time (observed at 27 
seconds) figures into the cycle time. A second test 
head on each robotics tester would eliminate this 
waiting time. 
3.4. Diagnostic Testing 
3.4.1. Loopback Testing 
Loopback testing is done following final functional 
test when when the GenRad diagnostic tester cannot find 
any problems with a failed board. The loopback test 
system consists of a Tektronix Dual trace 100MHz 
oscilloscope, a Fluke 8022A Digital multimeter, the 
Loopback tester (in-house designed), and a hard disk 
drive. It operates either automatically by applying a 
vacuum to pull the board into the bed-of-nails, applying 
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power and test voltages margins, and initiating the 
test, or it can be operated manually by a technician via 
front panel switches. 
Alphanumeric LEDs indicate pass/fail information 
and give extensive fault codes to help localize the 
problem. The technician must probe around on the board 
in the area indicated by the fault code to find the 
defective part. As with the data separator debug 
operation, it requires a lot of technical "smarts" to 
localize the problem and interpret the fault codes 
accurately. Test time for a board on the loopback 
system is about three minutes, but it takes an average 
of twenty minutes for the technician to find and repair 
the fault. 
3.4.2. In-circuit Testing 
In-circuit testing is so named because the 
individual components on the PC board are tested while 
ti inside the circuit" by accessing them from the solder 
side of the board (4, p. 9). A GenRad 2275 automatic 
test system is currently used as a tool in the diagnosis 
and repair of board failures at data separator and final 
functional test. The tester is controlled by an on-
board PDP 11-23 minicomputer and uses two 26 megabyte 
Winchester hard disk drives for program and data storage 
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with floppy disk backup. 
The tester is currently used for only one shift per 
day, only testing those boards which have failed regular 
production tests. The GenRad performs the following 
tests: 
1. Trace opens and shorts (same as Fluke 3200A) 
2. Passive components value checks on parts such as 
resistors and capacitors 
3. Power-up test to check voltage levels 
4. Digital tests on custom logic chips, 
microprocessors, and TTL gates 
The GenRad does not functionally test the board but 
rather verifies that each individual component is 
operating within defined limits. 
The GenRad has a single test head with a bed-of-
nails fixture. Each "nail" is a test probe that 
connects the tester to a point on the board not readily 
accessible from the outer card connections. The test, 
which takes approximately 30 seconds, is initiated after 
the operator loads the proper program for the board 
type, enters the board serial number, and starts the 
tester. Once the test program for a board has been 
loaded into memory it remains until another program is 
loaded in its place. 
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If any of the potentiometers on the board are 
improperly adjusted, causing a short, the test set will 
instruct the operator on a monitor screen to turn the 
pot so that the test can continue. The GenRad does not 
duplicate the data separator test which also requires 
adjustments of the potentiometers. 
While the GenRad gives a printout providing chip 
and pin numbers of suspected failure, the information 
generated about fault locations is not foolproof; in 
some cases it is not possible for the test set to 
completely isolate a device from all the other parts 
connected to it. If, for example, a faulty circuit was 
attached to a microprocessor bus, the test set would 
indicate that several devices are at fault. 
This shortcoming means that a person must analyze 
the GenRad output and interpret what is actually wrong 
with the board. An "output screener" looks at the 
GenRad failure report and the condition of the board, 
making a judgment based on his experience and what he 
sees on the board, He aids the repair operators by 
finding obvious faults (reversed or missing components, 
etc.) and indicates their location on the board. 
Since the screener plays such a valuable role, 
there is the obvious question of "what happens when he 
isn't there to perform his job?" In the future it might 
be desirable to capture as much of this analysis talent 
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as possible into an "expert system" which would 
automatically diagnose the actual cause of failures 
based on not only the GenRad output but also on some 
automatically-gathered visual inspection data. 
Experience has shown that in many cases it is 
sufficient to simply replace the failures as indicated 
by the GenRad. In a computer-integrated environment, 
the output screener•s knowledge could be captured in a 
repair database which would continue to grow more 
accurate as experience in board repair matured. 
The GenRad is able to correctly diagnose 85% of the 
boards tested; that is, in fifteen percent of the cases 
it is not able to tell what is wrong with the hoard. rt 
is the company's goal to improve this figure. 
A complete GenRad test set costs about $160,000 and 
program development for a single board through .an 
outside contract is $10,000. It takes four to six weeks 
to develop a new test program for a product. Fixturing 
costs are typically $4,500 per board type. 
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3.5. Data Gathering in the PC Board Process 
At the time of the study in mid-June 1984, the 
facility had no automated data collection in place. All 
data coll~ction was being done by hand. Plans call for 
the installation of a "computerized rework" system based 
on an IBM Series l minicomputer with IBM 7456 terminals 
at each rework station and links to each of the Fluke 
and GenRad testers. 
Engineering currently monitors yields at each step 
of the test line, collecting data more intensively at 
the debug stations. The data is sorted by hand and a 
"target list" of the top three failures modes to be 
examined is developed. 
The Fluke 3200A Manufacturing Defects Analyzer 
provides a printout of traces that have failed shorts or 
opens test. This information goes along with the board 
to a rework technician who localizes the problem with an 
ohmmeter to determine the cause. The GenRad 2275 can 
log all of its failures to a built-in 26 megabyte 
Winchester hard disk for analysis or upload to a 
computerized host. It provides a printout of these 
failures to an operator who screens the data to 
determine likely failure causes. The GenRad can give 
component locations and pin numbers of possibly 
defective circuits, faulty resistors, capacitors, diodes 
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and transistors as well as open and shorted nodes 
numbers. 
There was no routine calibration of the test sets 
on a daily or weekly level. Whenever a machine is 
behaving questionably, a "bench board" or standard board 
would be tested on the machine. If this standard board 
fails then an equipment failure is presumed. There was, 
however, an effective preventive maintenance program for 
all the equipment. Preventative maintenance was done 
weekly on all the functional testers and little 
variation is seen from week to week on this test set. 
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4, CHAPTER 4: MANUFACTURING DEFECTS IN PRINTED CIRCUIT BOARD ASSEMBLY 
When manufacturing printed circuit boards it would 
be desirable to start with 100% good parts, assemble 
them in a defect-free process, and be able to ship the 
customer 100% good product without the need for testing 
or inspection. Unfortunately, this rarely occurs. 
Three categories of manufacturing defects emerged 
when studying PC board assembly. They are: 
1. Component Defects - bare boards, passive 
components,or integrated circuit defects 
2, Process Defects - introduced by a malfunctioning 
machine or by an operator 
3, Functional Defects - incompatibilities that 
exist between otherwise good components which 
prevent the board from functioning 
Manufacturers are cognizant that customers are 
insisting upon high-quality, zero-defect products and 
the competitive environment of the electronics industry 
dictates that they meet those demands. A poor 
reputation for quality can severely impair a company's 
ability to maintain a profitable operation. 
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4.1. Component Defects 
Each of the individual components that make up a PC 
board should have been tested at one time in their life 
to insure that they meet their functional requirements. 
Since all of the components are purchased from outside 
the company, the vendor is relied on to guarantee that 
the parts are good. 
It is very desirable to have only known-good parts· 
go into the PC board process because it is well-known 
that the cost of finding a bad part can increasing by an 
order of magnitude at each level of assembly. For 
example, an industry rule of thumb says that if it costs 
$.50 to detect a bad integrated circuit before it is 
used on a board, it can cost about $5.00 to find and 
replace that same circuit once it has been soldered into 
place due to the time it takes to test, diagnose, and 
repair the fault. If the bad device is not discovered 
until the board is in a system, it can cost $50 to 
detect and re~l~ce the component, and if the circuit 
makes it into the field before the fault is detected, 
the cost of replacing it can be as much as $500 (4, p. 
5) 
Not only is early detection less expensive in 
actual dollars but it can also prevent loss of customer 
goodwill, maintain an image of a quality product, and 
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insure that manufacturing time is spent producing good 
boards rather than repairing bad ones. 
The company studied is planning to manufacture its 
own bare printed circuit boards, but currently buys them 
from an outside supplier. Defects in bare boards, like 
shorts between traces or open traces, are detectable 
through the use of a bare board tester. Many 
commercially available testers can do this check using 
electrical continuity or with automatic visual 
inspection. It is desirable to detect bare board faults 
early because they are difficult to repair and, if the 
board is populated with components before the fault is 
detected, the entire board must usually be scrapped at a 
cost of almost $100. 
The components that are inserted into the board 
must be of high quality. Mechanical defects such as 
bent leads or mis-orientation in the shipping container 
are the easiest type of defect to detect before 
assembly, requiring only a simple visual check before 
the components are used. An automatic lead 
straightening machine may be used to reform bent leads 
on DIP circuits at rates of thousands of devices per 
hour. 
A component of an incorrect value may inadvertently 
be placed among correct components and escape detection 
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until after it has been used. Automatic visual 
inspection systems to detect this type of fault are are 
beginning to become commercially available but long 
cycle times and high equipment costs are limiting its 
use at the present. Less frequently, a part may be 
marked with the correct label but actually be of the 
wrong value or type. 
Electrical defects in the components are more 
difficult to detect. A device which looks mechanically 
sound may have a serious internal problem that will 
cause it not to work at all, or appear to function until 
sometime in the future when it will prematurely fail. 
To detect the electrically faulty devices most 
manufacturers employ automatic test equipment capable of 
simulating the actual operational conditions the device 
will see in the field. These device functional testers 
can check up to several thousand circuits per hour and 
are very effective at finding defects. Some PC board 
manufacturers do the testing themselves and others 
contract with the vendor to deliver 100% tested parts. 
Either way, there will be additional expense involved 
with the testing. 
To protect against the premature failure of devices 
in the field, the components can be "burned in", or 
operated at elevated temperatures under bias voltage 
levels. This burn-in tends to accelerate the failure 
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modes known to exist within the device and, hopefully, 
make the fault appear at automatic testing rather than 
in the field. Burn-in also adds to the device cost, but 
when weighed against the expense of unforeseen failures, 
it can be economically justifiable. A comparison of 
field service costs with and without burn-in is 
presented in Appendix A. 
Burn-in can also be done on finished boards to 
ensure that, as the components interact with each other, 
the functionality of the board does not change with 
time. The boards may be tested before and after burn-in, 
or they may be monitored during the burn-in process 
itself. 
The company observed does not currently do any bare 
board or integrated circuit testing prior to the 
assembly process. Values and tolerances of resistors, 
capacitors, and diodes are checked on-line as the parts 
are transferred from bulk tape reels to assembly 
sequenced reels for use on the VCD machines. 
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4.2. Manufacturing Defects 
Several types of defects are introduced by the 
process when manufacturing PC boards (4, p. 4): 
1. Device leads not inserted into the board 
2. Wrong components inserted into the board 
3. Components inserted into the board backwards 
4. Components missing from the board 
5. Open traces on the board 
6. Solder bridges between board traces 
7. Solder joints not making good connection 
The causes and detection methods for these are presented 
below. 
A part may not have all of its pins inserted into a 
PC board because of a machine problem or an operator 
mistake, leading to defect #1. This type of defect is 
noticeable when visually inspecting the board, and if 
detected before soldering it is very easy to correct. 
The automatic insertion machines currently used to 
insert DIPs, VCDs and radial components do not have the 
ability to detect when they have not inserted all of the 
part's leads into the PC board holes. This can cause 
two types of defects: leads bent under the device that 
do make contact with the PC board trace, and those bent 
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such that they do not touch the appropriate solder hole. - ---
Defects of the latter type are easily detected at 
testing, showing up as either an open or a defective 
component. The former, where integral contact is made 
but on the top side of the board (rather than through 
the board and connected with solder on the bottom) can 
test as a good board but lead to problems once operating 
in the field. This type of problem must be detected 
visually, either by an operator or with an automatic 
vision inspection system. 
If the component vendor ships a part with an 
incorrect label, or if an operator feeds parts into a 
machine backwards, or if a part is manually inserted 
into a board in the wrong direction, the board will 
obviously not function properly. A malfunction at 
automatic insertion may cause a part to not be inserted 
at all, These defects, #2, #3, and #4, can always be 
detected with proper testing operations. 
If the process controls of the wave solder machine 
are not correctly adjusted, the sol~~r may begin to 
bridge the gaps between board traces. Similarly, out-
of-tolerance settings may cause poor soldering of device 
leads which lead to open connections. Soldering is 
known to cause between 30% to 50% of the total defects 
found on PC boards (9, p. 385),(12, p. 377), 
Open traces (#5) and solder bridges (#6) are 
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currently detected by the Fluke 3200A test set. It 
performs both shorts and opens tests and provides a 
defect location printouts for each board. 
Poor solder joints (#7) are more difficult to 
detect. While they may make electrical contact during 
the test, the joint may oxidize or corrode in time and a 
poor connection will develop. Advances in automatic 
vision inspection systems may provide a reliable visual 
method of verifying solder joint integrity, but are not 
currently in wide-spread use in a production 
environment. 
4.3. Functional Defects 
Despite 100% good parts and a 100% good process, 
finished boards sometimes fail final functional test due 
to some incompatibility in the interactions between the 
components which, while good individually, fail to 
function properly when soldered into a PC board. 
One example would be when a digital device, 
operating at one extreme of its acceptable timing 
parameter, feeds another circuit which may be operating 
at the other end of its "window". When the propagation 
delays of dozens of these circuits linked in series are 
added up, the incremental differences may be enough to 
prevent the board from working. This type of defect can 
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be difficult to isolate once found because normal 
diagnostic in-circuit testing, which tests each device 
individually, would not see the problem. The current 
functional test lacks the ability to pinpoint the source 
of the problem because it only observes the output at 
the board's edge connector. A failure at an interior 
point could be caused by a number of potential problems. 
A technician must manually probe a bad board using the 
limited information provided by the functional tester as 
a guide. 
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5. CHAPTER 5: DATA COLLECTION IN THE PC BOARD LINE 
In PC board manufacturing, if a board is discovered 
to be defective it is not scrapped. Rather, an attempt 
is made to repair it, using the test results as an aid 
in diagnosis of the fault. The information can come 
from either a manual benchtop set or from an automatic 
test system. 
Data is collected and analyzed in the test process 
for several reasons (6, p. 340,343): 
1. Provide real-time feedback of process problems 
2. Show an instantaneous picture of the status of 
product, equipment, and operators in the test line 
3. Automate the repair process 
4. Provide up-to-date information on quality and 
yields 
5. Extract trend data on yields, equipment 
utilization, and test effectiveness 
The test area lends itself to an automated data 
gathering system because so much of the equipment is 
already computer controlled. ATE can log failure data 
to disk or to a network tied to an information gathering 
system. 
Data from the test process can be used in several 
ways. The first is to generate real-time process 
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warnings. Whenever a test set detects too many similar 
faults in a series of boards it can provide an 
instantaneous warning to a manager's terminal to alert 
him that some process parameter is out of control. This 
could include a series of mis-inserted components, 
indicating an AI problem, or a high number of shorts, 
possibly caused by incorrect wave solder controls. 
The manager is now able to take steps to insure 
that the problem machine is repaired or shut down to 
avoid making more defective product. Without this real-
time feedback the problem may go unnoticed for several 
hours (or even days) before the defect is discovered and 
corrected. By that time many dollars have been lost in 
repair expense and delayed shipments. 
A real-time feedback scheme would suggest that the 
pipeline of material-in-process be minimized and that 
test procedures to detect these defects be conducted as 
soon after assembly as possible. The system will be 
required to intelligently diagnose the cause of 
repetitious problems so that a meaningful analysis is 
presented to the manager for immediate action. 
At any instant in time a test manager may wish to 
know the status of his test line: what machines are 
operating, which are down for maintenance or due to lack 
of product, where the work-in-process is located, or 
where the operators are and what their status is. All 
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of this information could be extracted from the test 
line through data gathering. 
The test information system could be used by line 
managers to schedule product testing with information 
transferred directly to each individual test set. This 
would eliminate the need for verbal communication (and 
the associated mix-ups) when issuing instructions to 
shop floor operators. 
As boards fail, test data can be logged to a disk 
or uploaded to a supervisory computer. When a board is 
reworked an operator can recall all the failure data 
about that board and be given instructions on which 
parts to replace on the board. This is a form of 
computer-aided repair, or as it is known commercially 
"paperless repair". The supervisory system can monitor 
the repair actions taken by the operator and, based on 
the board's re-test results, determine if the repair 
action was correct. The system could help improve the 
speed and effectiveness of repair operators by analyzing 
what rework actions most often resulted in a correct 
repair. The test engineer could use this to improve the 
diagnostic capability of the test system. 
The quality manager is always concerned with the 
yields and quality level of the boards being 
manufactured. By monitoring the yield data and defect 
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categories of current product, a data collection system 
can provide this information in real-time. There may 
also be interest in tracking the board as it is 
subjected to various reliability checks in order to 
detect any shifts in the functionality. This could 
involve comparing readings taken before and after a 
board burn-in, or tracking important parameters such as 
voltages or timing measurements over a period of time. 
It could also be used to track the quality of parts from 
individual vendors in conjunction with, or in the 
absence of, incoming component testing. 
In addition to the collection of data, the system 
should do some analysis on the data that is collected. 
This implies that a database of information on each 
board type would be constructed. Bar codes or serial 
numbers on each board would allow the information 
generated by test, analysis, and repair to be referenced 
in the board database. At any time a report could be 
generated to provide an analysis of yields, defect 
categories, operator identification, equipment 
utilization, and the success of repair actions. 
The system could be expanded beyond the test and 
repair loops to include data from automatic insertion, 
visual inspection, and wave soldering. A plant-wide 
board tracking system would facilitate the ability to 
account for each board at every step in the process from 
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receiving to shipping. 
While several commercially available "paperless 
repair" systems are available (reviewed in Appendix B), 
none provide all the desirable characteristics that 
would truly integrate the test and repair processes with 
the rest of the manufacturing steps. 
6. CHAPTER 6: SPECIFICATIONS FOR THE COMPUTERIZED TEST AND REPAIR SYSTEM 
A computerized test and repair system consists of 
the following parts: a "host" computer (most likely a 
minicomputer) which communicates in a supervisory role 
with all of the test sets and repair worker's terminals; 
. --
the plant floor network used to communicate between 
systems; the individual test sets which test product 
and upload final results to the host; rework operator 
terminals used to receive instructions or repair actions 
for individual boards. The functional and physical 
requirements for such a system are presented below. 
6.1. Functional Requirements 
1. Board Identification 
2. Automatic Collection of Test Data 
3 • Computer-aided Repair 
4. Analysis of Data 
s. Report Generation 
6. Flexibility 
7. Interface to Plant CIM system 
1. Board Identification forms the basis of the 
computerized test and repair system. Information on 
individual boards is stored in a database and recalled 
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as board action is required. Since the computerized 
system is only as good as the information it receives, a 
reliable method of entering board serial numbers is 
needed. 
A suggested method is by using a unique bar code 
number on each board. These labels may be read by an 
operator using a hand-held wand, by~aser scanner, or 
by a robot passing the board under a bar code reader. 
Using a bar code will produce fewer errors than the 
manual entry of board identification on a keypad. 
Usually only a single pass under the bar code reader is 
required, and this may be incorporated into the transfer 
of a board between stages in an operation. Bar code 
identification may be used earlier in the assembly 
process to track the progress of boards through the 
line, and to provide traceability once the boards have 
left the system. . .. 
Two concerns in using bar codes are the space 
required on the board and the ability of the bar code to 
withstand the temperature of a wave solder machine. Bar 
codes are available which require about one square inch 
of board space. Since many of today's printed circuit 
designs utilize much of the board's surface area, the 
label may be applied to the top of a large integrated 
circuit. 
Self-adhesive labels which can withstand the heat 
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of wave solder are available, or the label may be 
"painted" on the board by an automatic, in-line machine. 
Either way, bar code labeling of boards is in practice 
throughout the PC board industry. 
2. Automatic Collection of Test Data. At the test 
set the operator wands the bar code of the board before 
it is tested to enter the identification into the test 
system. The system will first verify that the correct 
test program has been loaded into the ATE for that board 
type and then initiate the test. A "tester busy" signal 
is sent to the host indicated the test set is actually 
working. 
When testing is complete the tester will indicate 
"test complete" to the host and instruct the operator to 
remove the board and load the next one. As this occurs 
the tester uploads the test results to the host. If the 
board passed, the tester could be instructed to upload 
some parametric data that it gathered. If the board 
failed, the failure type and location is transmitted. 
This information is appended to the board identification 
data. 
Since the process will likely include some visual 
inspection of boards, either by operators or by 
automatic vision systems, the results of these checks, 
in the form of defects and their locations, would also 
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be appended to the board identification in the database. 
The visual inspection may find such problems as solder 
integrity, incorrect component placement, bent leads, 
and bare board defects. As mentioned before, it is 
important to find problems like bent leads at visual 
inspection because they can be difficult or impossible 
for an electrical tester to detect if there is any 
continuity between pin and solder pad. 
The system can also keep track of who worked on any 
given board, providing accountability to the operator. 
It could timestamp the board's record each time an 
assembly, test, or rework operation was done, as well as 
keep track of the total time a board spends in the 
system. 
3. computer-aided Repair. Failure information 
indicating the location of the defect is transmitted to 
a repair operator's station whenever he or she wands a 
board to be repaired. The operator can see the history 
of the board, what it has failed for, and how often the 
board has been through the test and repair loop. It 
will also show the suggested repair action based on the 
diagnosis of the ATE. The operator will then enter the 
repair action taken, and any additional defects that he 
saw that had not been previously recorded. This 
information helps in later analysis of repair success 
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and also helps the test engineer to fine-tune the 
diagnostics of the test set. 
4. Analysis of the Data. The computer test and 
repair system should be the focal point of the 
information flow in the test line. In its simplest 
form, the system should gather data from inspection and 
test and, based on previous experience with similar 
failures, give suggested repair actions to a rework 
operator. As knowledge about the process grows, the 
system could be expanded to monitor the success of the 
repairs and modify its analysis to improve the success 
rate, reducing the time the boards spend in the test and 
repair loops. 
The system should keep track of all boards that are 
in the system for repair and test, pointing out 
bottlenecks in the process and providing management with 
a gauge to the line's operation. It should monitor the 
number of times each individual board goes through the 
repair loop, and flag those that have been through an 
excessive number of times so that they can be removed. 
The system should monitor the categories of 
failures~ they occur so that a repetitive failure, 
indicating some process problem, can be corrected. This 
would also detect when the test set has developed a 
fault and is continually failing boards that may 
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actually be good. This type of real-time warning may 
not be able to pinpoint the specific cause of the 
problem, but it would call the problem to someone's 
attention so that money is not spent manufacturing 
defective boards or reworking good boards. 
5. Report generation. The system should be able to 
generate a report detailing the history of an individual 
board (useful when analyzing field returns), provide 
aggregated data reports for board yields and defect 
categories over any period of time, perform statistical 
analysis of the quality of boards or individual 
components, and show the effectiveness of the rework 
operations. These reports could cover weekly, monthly, 
or yearly time periods and be generated automatically or 
on demand. Exception reports should be available to 
show variations from normal rather than burying the user 
with mounds of information when everything is running 
well. The reports should be displayed either on a 
manager's terminal or on paper plots. 
6. Flexibility. It is very important for a system 
such as this to be flexible, allowing the processing of 
multiple board types without restrictions that require 
the completion of one lot before another can be started. 
The rework operators should be able to process the 
boards that come to them in any order based on given 
60 
priorities. 
The system should provide the capability of 
customized screens, menus, and reports whenever the 
standard forms are not sufficient. There should be the 
ability to add or delete stations on the network with 
minimal -- preferably no -- downtime incurred. If it 
was necessary to bring the network down, the stations 
should have enough local intelligence that the process 
is not disrupted or data lost during the down time. 
7. Interface to a Plant-wide Computer Integrated 
Manufacturing System (CIM). While the specification of 
a plant-wide integrated manufacturing system is beyond 
the scope of this study, the test and repair system 
should be able to interface to such a system when it 
does become available. 
The test and repair host should provide aggregated 
board data information, yields, machine utilization, 
product quality, and status information to a higher-
level host when requested. It should be able to accept 
scheduling information and compute daily production 
schedules for the line. It should communicate with 
hosts that may be controlling the automatic insertion or 
wave soldering operations. 
While no complete factory-integrating system 
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linking all facets of manufacturing is known to be in 
existence, it represents a goal for manufacturing to 
strive towards. Ever-increasing amounts of data will be 
used in the production line and a system capable of 
integrating and analyzing that information will become 
vitally important. 
6.2. Physical Requirements 
The physical specifications for the system are very 
much dependent on what hardware is available to perform 
the required functions at the most economical price. 
Specifications are required for: the host and its 
software, the communications links, and the system 
reliability. 
Host System. The test and repair system's host is 
likely to be a high-powered small computer system (DEC 
VAX or AT&T 3B20) with at least several hundred 
megabytes of hard-disk storage capacity with tape 
archiving. This would provide ready access to 
information when the board is in the production line and 
allow older data to be more efficiently stored on 
magnetic tape. There should be the ability to use some 
of its resources for test program development, automatic 
test generation, and program editing. 
There should be some provision so that if the host 
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or hard disk is not operational, the entire process can 
still run. This could mean relying on paper log sheets 
as a backup, or proving sufficient local storage at the 
test sets and reworker stations so that no data 
collected in the interim would be lost. There should 
also be redundancy in the data collection, perhaps in 
the form of dual disk "shadow" recording whereby two 
disks are always written to but only one is used to read 
from. If any data on one disk become corrupted the 
remaining disk would retain the original information. 
To insure that the proper test program revisions 
are always used, the test sets would download their 
software from the host system whenever a new board type 
is to be tested. The retrieval of the program could be 
automatic, through the use of a bar code on the test 
fixture, or with an electrical code inside the bed-of-
nails test fixture itself that can be read by the test 
set. 
In a plant-wide CIM environment, the information 
gathered at testing could be used at automatic component 
insertion to provide quick feedback on the quality of 
the process. Information from the PC board CAD system 
could be used for such tasks as automatic test 
generation, automatic fixture generation, and automatic 
component insertion programming. The data could also be 
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used to teach automatic vision inspection systems. 
Communications. The communications media used to 
transfer data between systems on the shop floor may be a 
broad band, coaxial cable-based network such as the MAP 
standard specified by General Motors for its 
manufacturing automation systems (2). From that network 
each individual process -- test and repair, automatic 
insertion, etc. -- could have a dedicated, fast-response 
sub-network to handle the internal communications 
between operations. Ethernet, for example, is often 
specified as a communications link between individual 
test sets and their supervisory host. 
Since extremely quick response time is not critical 
in the inter-station communications cited here, it may 
be conceivable that all testers, vision systems, 
supervisory hosts, and rework operator's terminals could 
be tied directly to the plant-wide network. 
Reliability. Since the entire manufacturing 
operation may someday be controlled by the computer, the 
systems should be designed for extremely high up-time 
with short time-to-repair. Every hour that a system is 
down means that the line will be severely hampered, if 
not completely impaired, in making products. 
The system and its communications network should be 
situated so that critical pieces of equipment are 
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enclosed in protected, climate-controlled rooms rather 
than be exposed to the temperature variations and 
contamination of the factory floor. The network cables 
should be protected from inadvertent damaged from pieces 
of shop equipment. 
Preventive maintenance of the system is very 
important. The several minutes of daily unavailability 
due to such maintenance is insignificant when compared 
to the potential loss of data or capacity when a serious 
malfunction occurs. This concern for preventative 
maintenance should also extend to the test equipment. 
Minicomputer systems such as those manufactured by 
AT&T for use in the telephone switching systems boast 
very high up-time. Other equipment vendors should also 
be evaluated and their system's reliability and 
repairability carefully investigated. 
6.3. Typical Stations.That Should be Supported 
6.3.1. Testing Stations 
Stations should be provided to support in-circuit 
test equipment (GenRad, Zehntel testers) and commercial 
functional test sets which are capable of automatic data 
collection. current functional testers could be 
accommodated by using manual data entry terminals. 
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Required equipment would be: bar code wand or laser 
scanner, display terminal, data entry device (keypad, 
keyboard), and interface to automatic test equipment. 
6.3.2. Analysis Stations 
Technicians will analyze the failure information of 
boards gathered through test and inspection and annotate 
these results with suggested repair actions. This may 
someday be incorporated into the intelligent analysis 
capabilities of the system using automatic visual 
inspection. Required equipment: Bar code wand or laser 
scanner, display terminal, data entry device, and an 
interface to automatic visual inspection equipment. 
6.3.3. Rework stations 
Operators will view history and suggested repair 
actions, enter actions taken, and append any other 
faults detected. This may someday become automated as 
robots, using vision, repair board faults based on the 
analysis data. Required equipment: Bar code wand, 
display terminal, data entry device, and an interface to 
a robotic vision and repair system (future). 
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6.3.4. Inspection Stations 
Information collected through manual or automatic 
visual inspection systems including component and solder 
defects would be entered into the system. Required 
equipment: bar code or laser scanner, display terminal, 
data entry device, and an interface to an automatic 
vision system. 
6.3.5. Manager's Station 
This station is used by the test supervisor to 
monitor line status, observe real-time warnings, and 
generate reports. A terminal would also be used by the 
test engineer to edit and generate test programs, 
perform system backups, and analyze the diagnostic 
effectiveness of the programs as reflected in repair 
actions. Required equipment: data terminal, printer, 
and graphics plotter. 
7. CHAPTER 7: TESTING METHODS PROPOSALS 
7.1. Review of current Test Methodology 
As seen in Chapter 3 and Figure 5, the current 
testing methodology at the PC board plant is: 
1. Opens and Shorts Testing on a Fluke 3200A 
Manufacturing Defects Analyzer 
2. Data Separator Testing 
3. Functional Testing 
4. Diagnostic Testing on a GenRad 2275 In-circuit 
tester 
Boards enter the test line following a post-wave 
solder visual inspection that is designed to remove 
defects caused by the soldering operation. They are 
first tested for opens and shorts on the Fluke 3200A 
Manufacturing Defects Analyzer. Boards which pass are 
sent on and those which fail are diagnosed, repaired, 
and re-tested on the Fluke. 
Boards which pass data separator testing are sent 
on to final functional test; those which fail are sent 
to the in-circuit tester to have their failure cause 
diagnosed. The same holds true for those boards which 
fail functional testing. After repair, both failure 
types again enter the test line and receive data 
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separator and functional testing. 
The current test flow leads to the repair loops 
which are shown in Figure 7. First time failures from 
either data separator or functional test enter the in-
circuit tester to have their failure diagnosed. The 
GenRad can find multiple failures on a board during one 
test. 
The in-circuit tester has an effectiveness of about 
85% -- that is, out of every 100 boards it tests from 
data separator and functional failures, it succeeds in 
finding faults on about 85. The other 15 pass, and are 
sent back to data separator for re-test. This does not, 
however, mean that those 15 were good. Approximately 80% 
of the 15 fail data separator a second time, and these 
are sent to the manual data separator debug technician 
who diagnose the problem using bench-top equipment. 
The same procedure holds true for those boards 
which fail functional test after having been diagnosed 
as good by the in-circuit tester. They are debugged on 
a loopback tester by a technician who must manually 
probe the boards. 
Boards which are "successfully" diagnosed on the 
in-circuit tester are sent to reworkers who repair the 
boards based on the printed results of the in-circuit 
test and any annotations by the output screener. After 
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\ 
repair they are sent back to the in-circuit tester to 
verify that the repair was successful. Boards which now 
pass are returned to data separator for re-testing. 
Figures 5 and 7 shows six individual loops within 
the shorts & opens/data separator/functional test cycle 
-- Fluke failures, data separator failures, functional 
failures, data separator debug, functional debug, and 
in-circuit tester diagnosis. Boards are permitted to 
pass through these test-repair loops a maximum of two 
times, and after the third failure they are sent to a 
"material review board" or MRB which examines the cause 
of the failure and decides if the board should be 
scrapped. Only one in-circuit tester is needed to 
handle the number of failures that come from data 
separator and functional testing -- currently each tests 
yield about 95% good boards. 
7.2. Disadvantages of Current Methods 
Using the in-circuit tester as an off-line 
diagnostic tool seems reasonable whenever the product 
enjoys as high a test yield as the one studied. 
However, under the current product flow, the line 
suffers with long lengths of time spent waiting for the 
boards to be diagnosed and repaired. The rather 
complicated set of test and repair loops adds to the 
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chances that boards would be misplaced or lose their· 
paper rework tags that tell what repair action should be 
taken. 
While a computer-aided repair system was planned 
for the factory, at the time of the study there was no 
automatic data collection. This meant that while boards 
accumulated at rework, the assembly process could 
continue to make more of the same defects. Even when 
the boards finally were reworked, there would be little 
correlation between the sequence in which they were 
actually assembled and the order in which they appeared 
at a repair station. Trends or groupings of similar 
defects categories would be lost. 
As mentioned before, there are four Fluke testers 
currently being used to do open and shorts testing when, 
conceivably, two should be able to handle the load. The 
sometimes unreliable Fluke tester could be a bottleneck 
in the production line because if only two were in use 
and one would break down, the production rate would be 
cut in half. For that reason two additional testers are 
used as backups. 
The in-circuit tester test set can do the same 
opens and shorts test as the Fluke -- and it actually 
does that test on every board it diagnoses. The in-
circuit tester is capable of detecting every solder 
defect that the Fluke can plus many individual device 
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defects that the Fluke cannot. The in-circuit system is 
designed to communicate with a host computer over a 
high-speed network while the Fluke is limited to an RS-
232 output port with little analysis capabilities. 
The limitations of the current system, coupled with 
the capabilities of in-circuit test, led to the idea of 
using the in-circuit testers in-line, following wave 
.solder, to replace the Flukes as the first tester used. 
7.3. In-Line Testing 
In-line testing means that all testing is done in a 
single line with no "side trips" as are is seen with the 
off-line ATE testing of the present flow, shown in 
Figure 5, Interest arose ln the idea of in-line testing 
because of its potential benefits in the following 
areas: 
1. Fast Response to Manufacturing Problems 
2, Reduced number of operators needed 
3. Development of a fully-integrated assembly 
process 
7.3.1, Manufacturing Problem Response 
In-circuit test systems, such as the GenRad 2275, 
are able to discover most manufacturing defect problems 
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which can account for at least 60% of the defects in 
PC board manufacturing -- and many component 
functionality problems which account for another 30% of 
the defects (9, p. 385). The remaining 10% of the 
boards which fail do so at functional test, usually due 
to component interaction problems. 
In the current strategy, Fluke testers are utilized 
mainly to detect soldering problems~ other manufacturing 
and component problems are discovered at data separator 
and functional test. About 10% of the total number of 
boards tested will fail at these two tests. 
Even at its current level of effectiveness, the in-
circuit tester is able to detect the cause of 85% of 
those defects. This means that, had all of the boards 
been tested first on the in-circuit, only 1.5% would 
have failed any later test stage. Combined with its 
ability to check for shorts and opens, more than 98% of 
all defects on PC boards could be detected and diagnosed 
by an in-circuit tester such as the GenRad. 
With such a high degree of fault coverage, it seems 
that having the in-circuit test following wave solder 
would reduce the failures at the data separator and 
final test stages and, perhaps, improve the flow of 
material in the line. A proposed flow, shown in Figure 
a, has in-circuit testing immediately following wave 
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Rework 
Rework 
solder. First time failures are reworked based on the 
results output by the GenRad, and are then re-tested. 
If they fail a second time they must be manually 
debugged since the GenRad was obviously not able to 
correctly diagnose the problem. Failure at the 
subsequent two tests must be manually debugged, again 
because the GenRad could not detect the failure. 
The flow in Figure 8 shows a simplification in the 
rework loops and a reduction in number from the current 
six to three with in-line testing. A new category of 
operator, for in-circuit debugging, is introduced to 
handle those failures which the GenRad could not 
diagnose. With a computerized test and repair 
implemented, and an increase in the effectiveness of the 
in-circuit diagnosis, this operator would see only small 
amounts of work. 
The current test flow suffers from long time spans 
between the creation of boards in assembly and the 
diagnosis of faults at testing. It currently can take 
as long as several days after a defective board is made 
before the cause of the problem is discovered. During 
the interim, potentially thousands of boards could be 
made with the same proolem. 
It is the issue of fast response to process 
problems that in-line testing most clearly addresses. 
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For example, if an incorrect component is used in the 
automatic insertion process, the boards will have to 
first pass through Fluke testing (and likely pass), then 
data separator (with only the possibility of being 
detected) and finally to functional test before it will 
definitely fail. It could take several hours before the 
first defective board show up at ATE for diagnosis --
and even then they may not arrive in a continuous stream 
that might alert somebody to the repetitive nature of 
the defect. 
If an in-circuit tester checked every board as it 
exits wave solder, the repetitive nature of the problem 
could conceivably show up after only a few boards --
enough to alert the operator that something funny has 
happened. If the tester is linked to a computerized 
test and repair system, the in-circuit tester could 
provide instantaneous feedback to both the auto-
insertion department and a manager's terminal so that 
the defective condition could be corrected. This 
information would be stored in the board information 
database to be analyzed along with other problems. 
7.3.2. Labor Reduction 
A computerized simulation of the test line, 
featuring automatic material handling, was developed by 
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others using information gathered during this study. 
The model, written in the SLAM simulation language and 
run on an IBM 4341, represents a material handling 
system featuring conveyers which carry "totes", or 
containers of boards, between the various test and 
repair systems. A description of this model is found in 
Appendix c. 
The model was used to compare the current method of 
test flow with that of the proposed in-line flow. For 
this study, several different scenarios were considered 
to determine how activities, such as the implementation 
of a computer-aided test and repair system, would affect 
the cost of running both the current and the proposed 
test lines. A monthly production rate of 115,000 boards 
was used with test yields of: Fluke - 90%, data 
separator - 95%, final functional - 95%, and GenRad 
effectiveness - 85%. 
Cases 1 through 5 consider the current test line 
configuration; cases 6 through 10 consider the proposed 
in-line strategy. Yield improvements cited are 
estimates of what could happen if the proposed changes 
were implemented. A description of the conditions for 
each case are presented below with summaries of the 
operator requirements shown in Figure 9. 
Case! The current test strategy. The model shows 
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the need for two Fluke testers, six functional testers, 
six data separator testers, and one GenRad in-circuit 
tester. No additional equipment is needed. A total of 
66 operators are required. 
Case 2 A computer-aided test and repair system is 
installed, enabling improvement in the effectiveness of 
the GenRad in-circuit tester from 85% to 95%. This 
could be realized through better analysis of the test 
failures and subsequent programming on the GenRad to 
detect more failures. Fewer debug technicians are 
needed because the GenRad automatically detects more of 
the defects. A total of 64 operators are needed. 
Case 3 Further GenRad effectiveness improvements, 
attributable to the computer-aided test and repair 
system, boosts fault coverage from 95% to 98%. Total 
number of operators drops to 63. 
Case 4 The test and repair system is tied to a 
factory-wide computer integrated manufacturing system, 
which enables better control of the wave soldering 
process based on feedback from the test line. As a 
result, Fluke yields improve by 50% to a total yield of 
95%. A decreased number of rework operators are needed 
which lowers the total to 58. 
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SUMMARY OF TEST LINE SCENARIOS 
Daily Operator Requirements (3 shifts) 
FLUKE FINAL DATA GEN DEBUG REWORK TOT FUNCT SEP RAD 
' 
OP's OP's 
----- ----- ----- ----- ------
case 
# 
l 6 18 18 2 4 18 66 
2 6 18 18 2 2 18 64 
3 6 18 18 2 l 18 63 
4 6 18 18 2 l 13 58 
5 6 18 18 2 l 8 53 
6 18 18 13 5 18 72 
7 18 18 13 3 17 69 
8 18 18 13 3 9 61 
9 
-
18 18 9 3 9 57 
10 6 18 3 3 9 3.9 
Fig. 9 : Test Line Operator Requirements 
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Case 5 Computer integration of both the automatic 
insertion process and the wave solder are tied to the 
test and repair system, lowering the defects due to 
assembly by 50%. Even fewer rework operators means a 
total of 53 operators are needed. 
Case~ The in-line strategy, with current yields 
and GenRad effectiveness, is modeled; while the Fluke 
testers are eliminated, two additional GenRad in-
circuit testers are required. Six data separator and 
six functional testers are still required. Each GenRad 
requires an output screener to interpret the results in 
addition to the test operator. Seventy-two operators 
are required with this scenario. 
case z Improving the GenRad effectiveness to 95% 
with a computer test and repair system, drops the total 
to 69 operators. 
case 8 Yield improvement of 50% are modeled, as in 
Case 5, attributed to implementation of a factory-wide 
CIM system, dropping the total number of people to 61. 
case 9 The output screener, required on each 
GenRad, is eliminated by programming this analysis 
capability into the computerized test and repair system. 
An "expert system" may be d ···eloped which can learn the 
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patterns of failure data and accurately diagnoses the 
faults for use by rework operators. This means that 57 
people are now required. 
Case 10 In this scenario, it was presumed that a 
robotic cell could be developed to load and unload 
boards at both the GenRad testers and the functional 
testers. Robotic functional test cells are currently in 
use by the company, and robotic in-circuit test cells 
are available from commercial test equipment vendors for 
equipment like the GenRad. With the test times 
currently observed at in-circuit and functional test, it 
is likely that one robot could service three test sets; 
one robot would be required for the three GenRads and 
two robots for the six functional testers (14, p. 66). 
This scenario combines all of the yield 
improvements of the previous cases with robotic loading. 
One person is assumed to be needed at each robotic test 
cell to clear jams and make sure that the systems always 
had a supply of boards from which to work. The 
reduction in tester operators means that only 39 people 
are now needed. 
Because exact figures were unavailable from the 
company under study, the approximate labor rate of $7.50 
per hour plus an overhead factor of 50% was used. This 
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is considered to be extremely conservative, however, in 
light of wages that are being payed in the industry. 
Undoubtedly, if actual wages were to be inserted into 
these calculations, the results would favor the non-
robotic applications of in-line testing, cases 6 through 
9, even more than they do now. The yearly personnel 
expenditures for each of the cases are shown in Figure 
10. 
7.3.3. Equipment Requirements 
The cost of additional equipment for each of the 
test line scenarios must also be examined. For the 
purpose of this study, a uniform annual cost (UAC) for 
the equipment needed to implement the in-line strategy 
and the computerized test and repair will be calculated 
as described in (3, p. 45) with an annual interest rate 
of 15%. Since the manufacture of printed circuit boards 
is changing fairly rapidly, a useful lifetime of five 
years has been assumed. Calculations are shown in 
Appendix o. 
The cost of purchasing and operating the additional 
test line equipment, exclusive of the Wiebe material 
handling system (which is common to both), is considered 
for both the current strategy and the in-line proposal 
in the ten scenarios previously described. The costs 
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ANNUAL PERSONNEL EXPENSES - SHOP OPERATORS 
For Test Line Scenarios 
Case Conditions 
1 Current Conditions 
2 Improved In-circuit 
3 Further ICT improvement 
4 CIM@ Wave Solder 
5 Total CIM 
6 In-Line, current cond. 
7 In-Line, Improved ICT 
8 CIM 
9 CIM and Comp Aided Rework 
10 CIM and Robotic Loading 
Fig. 10: Test Line Operator Expenses 
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No. 
66 
64 
63 
58 
53 
72 
69 
61 
57 
39 
$ 
1,485,000 
1,440,000 
1,417,500 
1,305,000 
1,192,500 
1,620,000 
1,552,500 
1,372,500 
1,282,500 
887,500 
and associated operating expenses, while approximations, 
were chosen to reflect realistic amounts using the 
available technology. It is hoped that this could form 
the basis of calculations for an actual circuit board 
manufacturing system. Figure 11 summarizes the uniform 
annual cost for each case. 
Case 1 Current strategy. No additional equipment 
is necessary. UAC = $ 0 
Case 2 A computer-aided test and repair system was 
added at a purchase cost of $200,000 and an annual 
operating cost (to cover energy, maintenance, etc.) of 
$10,000. UAC = $69,660 
Case 3 Still using the computer-aided system with 
additional work to improve in-circuit effectiveness; 
assume an additional $10,000 operating cost to cover 
added maintenance, programming, etc. UAC = $79,660 
Case 4 A factory CIM system is added to include 
the wave solder control based on testing feedback. 
Assume an added expenditure of $100,000 plus an 
additional $20,000 operating costs for the CIM system. 
Total UAC = $129,490 
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Total Equipment Purchase Costs and Their Associated 
Uniform Annual Costs 
case# Purchase Cost UAC 
l $ 0 $ 0 
2 200,000 69,660 
3 200,000 79,660 
4 300,000 129,490 
5 400,000 199,320 
6 100,000 34,830 
7 300,000 104,490 
8 500,000 184,150 
9 500,000 184,150 
10 800,000 303,640 
Fig. 11: Total Equipment Costs for Test Line 
86 
Case 5 The factory CIM is expanded to include the 
component insertion process at an additional cost of 
$100,000. Assume operational costs double to $80,000 to 
cover this system. UAC = $199,320 
Case 6 By switching to an in-line strategy, all 
four Flukes are no longer need (-$200,000) and two 
additional GenRad in-circuit testers are purchased 
(+$300,000). The net is an additional $100,000. Five 
thousand dollars is included for extra operating costs 
for the new testers. UAC = $34,830 
Case 2 Computer aided test and repair added at 
$200,000, operating expenses now $15,000. UAC = $184,150 
case 8 Factory-wide CIM implemented at a cost of 
$200,000 plus additional operating expense. UAC = 
$184,150 
Case 9 Elimination of the output screener at 
GenRad requires no additional equipment, so UAC = 
$184,150 
Case 10 The three robotic load and unload cells 
are added at a cost of $100,000 each (total of $300,000) 
including software development and fixturing costs. UAC 
= $303,640 
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To evaluate the alternatives of each scenario, the 
total annual operating costs (labor+ equipment) was 
calculated for each case; these are summarized in Figure 
12. 
Using case 1 (current flow) as the base, savings 
realized as a lower total annual cost are found in the 
following scenarios: 
case 
4 
5 
9 
10 
condition 
Computerized test and repair (using 
current flow) linked to a wave solder 
control system 
Computer test and repair (current flow) 
linked to factory-wide CIM system 
Computer test and repair (in-line flow) 
linked to a factory CIM system 
Computer test and repair (in-line), 
factory CIM, and robotic board 
load/unload at testing 
As seen in Figure 9, the data separator test always 
required 18 operators; this is because the test 
currently requires manual adjustments on the board. 
However, future versions of the boards will only require 
a "go/no go" - type test which opens the possibility for 
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Total Annual Operating Costs (people+ equipment) for 
the Test Flow Proposals 
case# Personnel Equipment UAC Total 
l $ 1,485,000 $ 0 $ 1,485,000 
2 1,440,000 69,660 1,509,660 
3 1,417,500 79,660 1,497,160 
4 1,305,000 129,490 1,434,490 
5 1,192,500 199,320 1,391,820 
6 1,620,000 34,830 1,654,830 
7 1,552,500 104,490 1,656,990 
8 1,372,500 184,150 1,556,650 
9 1,282,500 184,150 1,466,650 
10 887,500 303,640 1,191,140 
Fig. 12: Total Equipment and Operator Costs for Test Line 
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using robots to load and unload these test sets. This 
could make the calculations of case 10 even more 
favorable. 
7.4. Development of Integrated Manufacturing Environment 
The cost analysis of the previous section 
highlights the idea that an intelligent test line flow 
and integration of the entire manufacturing system can 
lead to a more responsive manufacturing operation at 
lower overall cost. The lowest cost scenario, case 10, 
included the integration of assembly, test, and robotic 
board handling at testing. 
There is no doubt that the equipment, development 
time, and installation of a factory computer integration 
system that encompasses the assembly and test is 
expensive. But the question that a manufacturer should 
ask themselves is this: can we afford not to do it? 
It is clear that the answer to problems in 
manufacturing is not to only implement in-circuit 
testing; nor is it to only develop an in-line testing 
strategy. The answer comes from looking at the overall 
manufacturing system and tying together the assembly, 
inspection, and testing functions under one computer 
integrated manufacturing environment. 
Such a system is presented in Figure 13, Here, the 
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System 
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host system, most likely a minicomputer, is used to 
gather data from each of the manufacturing functions. 
The system then feeds the appropriate data to the proper 
receiver via the plant-wide local area network. 
The actual hardware used is not as important, at 
this point, as the concept of an integrated, coordinated 
flow of data throughout the shop floor. Figure 13 shows 
the ATE (GenRad), functional testers, inspectors, and 
analysis/repair stations (all connected with solid 
lines) tied to a supervisor's terminal as a Computer 
Test and Repair System which was presented earlier in 
the paper. This system facilitated the flow of data 
through a "paperless" test line and provided the 
supervisor with early warnings when excessive defects 
were encountered. 
But the system should be expanded so that it is not 
necessary for the supervisor to know about every 
occurrence of shop floor problems. Indicated on Figure 
13 as dotted lines, the insertion, soldering, material 
handling, and robotic loading functions, along with 
others, can so~ed3y be connected to the test and repair 
system to form an integrated manufacturing system. The 
host computer would act as the supervisor, using status 
and inspection data to detect problems even before they 
get to testing, and use this information to initiate 
self-correcting actions by the machines to prevent the 
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problems from escaping to later process stages. 
Ultimately it would be desired to close the link 
between design and manufacturing with direct access of 
the PC board database by the manufacturing system. 
Information from this database could be used in a 
variety of functions: automatic test program 
generation, automatic insertion program generation, 
automatic visual inspection system programming, transfer 
of process parameters, and generation of fixturing data. 
The goal of such a system should not be to put 
people out of work; rather, the PC board manufacturer, 
faced with increased competition and the need for quick 
response to changing customer needs, will require a 
manufacturing system that can generate and use 
manufacturing data at a rate beyond the abilities of 
humans. The quality of the product will have to be so 
high that people alone will not be able to do all the 
critical operations. 
A system, such as the one presented, will work with 
people and enable them to do things that they could not 
do before. As an example, it is usually impossible for 
anybody to extract trend information out of paper 
logsheets without the extremely tedious job of first 
transferring the data to a computer and then hoping that 
the data is valid and was correctly entered. With a 
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computerized information gathering system, not only is 
the information automatically gathered, it is usually 
more reliable due to the use of bar codes, etc., for 
data entry. The computer can analyze and format the 
data in any way desired, and provide the results in a 
fraction of the time it took with manual methods. 
It is recognized that a computerized system to link 
all of the manufacturing functions is not yet in place 
in any factory. The components of such a system, 
however, are becoming available from commercial sources, 
and many manufacturing companies have undertaken the 
design of such systems in-house. The true task is now 
to integrate these separate "islands of automation" into 
a unified, manufacturing system that addresses the 
problems faced by today's industry. Companies must not 
look only at the saving that can be realized in labor, 
but also at the way a system can improve the product 
quality and the ability of the manufacturer to meet the 
changing demands in the marketplace. 
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8, CONCLUSIONS 
Modern manufacturers of printed circuit boards are 
concerned with the profitable production of high quality 
devices as life cycles become shorter and the 
technology of the boards quickly changes. customer 
demands will dictate that the production be carried out 
in a flexible, integrated environment. 
Testing plays an important role not only to insure 
the quality of the boards being shipped but also in the 
control of the manufacturing process. Well-defined 
testing strategies can help to decrease the amount of 
time boards spend in test and repair, and the 
information gathered by testing can lead to better 
control of the earlier assembly operations. 
This study was undertaken with the feeling that in-
line testing was the most sensible way to handle the 
problem of detecting board defects. Being able to prove 
it economically justifiable did not come easy. But the 
savings that come from the in-line integrated test flow 
are not only measureable in dollars spent. 
There is little doubt that the in-line flow can 
help prevent defects as well as detect them. For every 
defect that is allowed to occur and is detected, there's 
likely to be one that is not detected. They may not 
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show up at factory or systems tests but be released to 
the customer. Measurements of this cost are difficult 
to make, and are definitely worth consideration. 
The wage costs and savings used to compare the in-
line and integrated test flows are conservative; in 
appropriate cases with actual real-life figures, the 
balance would likely shift more towards an integrated 
in-line test strategy. 
The study of a PC board manufacturing facility 
provided the opportunity to investigate the causes of 
defects in assembly: component part faults, processing 
problems, and functional device incompatibilities. Test 
methodologies available to detect these defect 
categories was explored in detail. Each of the methods 
-- visual inspection, shorts and opens testing, in-
circuit testing, and functional testing -- have their 
own advantages when used in the testing process, but the 
greatest utility comes when all are used in an 
appropriate, well-structured test strategy. 
Data collection plays an important role in the test 
process. Test results can be used to monitor the status 
of the production line, provide instantaneous feedback 
of process defects as they occur, and develop trend 
plots showing the direction of yields and quality. 
Since testing is both a consumer and a producer of large 
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amounts of data, it is especially well-suited to be 
incorporated into an integrated manufacturing 
environment. 
The automation of the test and repair loop 
represents an important step towards factory-wide 
computer integrated manufacturing. In computer-aided 
repair, the failure data captured by a test station is 
incorporated with the observations of visual inspections 
to produce a repair order for each individual board. 
This information is electronically transmitted to a 
repair operator and presented as a set of suggested 
repair actions for each board. Benefits of computer-
aided repair include more efficient use of the 
operators, the elimination of paper instructions in the 
repair loop, and the ability to build a base of 
knowledge to improve the diagnostic capabilities in the 
test equipment. Future directions may see the repair 
operation become more automated as robots, under the 
direction of data from testing, actually do the repair 
using advanced sensors and vision systems. 
While computer-aided repair represents a step 
towards complete factory integration, the true benefits 
of such systems will come when the entire manufacturing 
process is tied together using data collected at 
incoming part inspection, component insertion, wave 
solder, and testing. such a system will track each 
97 
board as it moves through the line and can detect faulty 
operations as they occur so that the operation can be 
corrected. In this way, the time spent manufacturing, 
and then repairing, boards with defects can be reduced. 
One contribution to achieving the integrated 
manufacturing line is the use of proper testing 
equipment, such as in-circuit testers, to detect the 
defective conditions as soon after assembly as possible. 
One method would be to test every board as it exits the 
soldering operation on an in-circuit test system, and 
develop the diagnostic routines necessary to pinpoint 
and report the failures as they are detected. 
The investment in computer integration systems in 
terms of cost and development time is high; however, the 
manufacturer must examine how well he will be able to 
continue in his business if he doesn't institute such 
systems. Separate "islands of automation" can be 
implemented but are not the entire answer. The true 
benefit will come when these separate components are 
integrated into a unified manufacturing system that is 
capable of producing quality products in a flexible 
manner. 
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APPENDIX A 
COMPONENT BURN IN 
Using the example of a field service cost of $100 
to replace and repair a defect and a hypothetical (but 
realistic) component field failure rate of .2%: 
Without Component Burn-In 
With 1,000,000 boards manufactured per year and 50 
components, 
1,000,000 X 50 = 50,000,000 components in field 
with a .2% field failure rate 
so,000,000 x .002 = 100,000 potential failures 
at $100 per board repaired in the field 
100,000 X $100 = $10,000,000 annual field repair 
.cost 
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With Component Burn-In 
Assuming that burn-in reduces component field 
failures by an order of magnitude to .02%, 
; .. 
1,000,000 boards X 50 components/board X .02% 
field failure rate X $100/board field repair cost 
= $1,000,000 annual field repair cost 
savings: $10,000,000 - $1,000,000 = $9,000,000 
Therefore, a burn-in cost of less than 
$9,000,000/50,000,000 = .18 per circuit 
would generate savings on field repair costs. 
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APPENDIX B 
INFORMATION ON THE GENRAD 11 TRACS 11 PAPERLESS REPAIR 
SYSTEM 
General Description of TRACS 
TRACS {Test and Repair Analysis/Control System) is 
a data-collection, data-reporting, and test information 
management tool {13). It ties various test systems such as 
the GenRad 2275 in-circuit tester to a central computer 
via GenRad's "GRnet" to collect logged failure data about 
printed circuit boards that have been tested. It 
provides a central database to collect and maintain this 
failure data and make it available to a reworker's 
terminal on a menu-driven, touch-sensitive screen. The 
reworker can query the system about the failure history 
of a board and the system will respond with this history 
plus suggested repair actions. When the reworker has 
repaired the board, he enters the corrective action 
taken. 
The system maintains a repair record of the board 
as it passes through the test-and-repair loop. It 
monitors the number of times the board has failed and 
can be programmed to "kick" the board out of the loop 
after a certain number of passes. It also can be 
programmed to alert a manager's terminal if a certain 
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defect is seen at testing more than a pre-programmed 
number of times. 
TRACS can accept inputs from any of three devices: 
a 227X series in-circuit tester, a 2720 functional 
tester, or a 2701 "touch-screen" interactive terminal. 
The 2701 may be used as a repair/analysis station, a 
process inspection data entry station, or as an 
interface to a non-GenRad test system. 
Operating Description 
Boards are bar-code wanded and tested on the GenRad 
2275 tester. If the board passes, that fact is recorded 
and no data is collected. If it fails, the failure data 
and board serial number is logged by the tester and sent 
to the TRACS system. 
The system "knows" what repair action to suggest 
based on programs written to diagnose board problems. 
The test engineer must generate these programs to make 
the system "smart". As the TRACS system is in use for 
some time, it will get "smarter" as the results of 
repair actions are incorporated into revised diagnostic 
programs. 
The system requires an "analyzer" who can, based on 
the failure report, determine if the repai.r action TRACS 
suggests is valid. He would examine the board and look 
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for obvious defects like shorts or wrong parts. He 
enters his findings into TRACS so that a repair 
operator, also using a TRACS terminal, can do the 
repair. As the system "learns" what defects correspond 
to what failure reports, it gets smarter and the 
analyzer should not have to correct the TRACS 
suggestions as often. 
At a rework/analysis touch-screen terminal, an 
operator bar-codes wands the board to be repaired. The 
TRACS menu will provide information on the failure in 
the form of suggested repair actions. The operator can 
either accept the repair suggestion and repair the board 
as instructed, or he may reject that action and enter a 
corrected repair instruction. 
TRACS keeps track of each board, based on its 
serial number, as it passes through the test-and-repair 
loop. Once the board successfully passes, both the 
failure data and the corrective action taken on the 
board are permanently entered into the TRACS database. 
TRACS Databases 
TRACS maintains three databases: 
-Repair Loop Control 
-Process Quality summary 
-Data TRACE 
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Repair Loop Control database contains the serial 
number of each board which has failed, and for each time 
through the test-and-repair loop it maintains the time 
to test and time to repair for each failure on the 
board. It maintains a record of each failure, the 
defect code for the failure, and the repair action 
taken. 
Process Quality Summary database collects and 
summarizes the defect information of the board while it 
was in the test-and-repair loop. This could be done on 
a weekly basis, for example. The board serial number 
traceability is lost at this time unless the optional 
DataTRACE software is in use. 
The PQS database will save 25 different parameters 
on each board type, and provide reports on ~~st times, 
repair ]oops, yi~lds, etc. as outlined in the next 
section on "TRACS Standard Reports". 
DataTRACE database allows the user to tailor his 
own report generation by providing access to all the 
data collected on each board as it passes through the 
system. Normally this information is lost when the 
information is summarized in the PQS database. Obviously 
this feature requires more on-line storage to hold all 
the data about each board. It uses a subset of the IBM 
"Standard Query Language" to access the information. 
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TRACS Standard Reports: 
The following reports can be automatically 
generated by TRACS using data from the Process Summary 
database: 
Test Yields - number of good boards tested during a 
shift, number of boards failing, and number of boards 
passing after repair. 
Test Failure Summary - lists the most frequently 
failing boards 
Board Defect Summary - lists number of repaired 
boards and categories of defects found (bare board, 
soldering, assembly, bad components, etc.). This 
information would be entered by the repair operators. 
Detailed Board Defects - provides detailed list of 
which individual components failed and how often each 
failure occurred. It would pinpoint orientation, 
missing parts, bent pin, and wrong part problems, again 
as entered by the operator. 
Repair Performance - tells how successful the 
repair actions have been over time, and how long repair 
actions are taking. 
Board Test Time - tells how long, on the average, 
it takes to test ~ood and bad boards. 
Trend Reports - allow comparing present and past 
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performance by comparing 13 different categories such as 
test yields, total defects per board, defect types, 
repair success rates, and test times. 
Real Time Warnings 
TRACS provides real-time warnings in several modes: 
-Whenever a number of boards fail in exactly the 
same way 
-When first pass yields fall below a threshold 
limit 
-When a tester or workstation fail to communicate with 
the host within a certain time limit (indicating 
inactivity like machine downtime) 
-Whenever a board violates the¥ Jper test sequence 
These are displayed on a VTlOl terminal at the test 
manager or shop manager's desk as they occur so that 
corrective action may be taken immediately. The set 
limits are user-definable. 
TRACS also provides a warning to the repair 
operator if a given board has gone around the test-
repair loop too many times. It also tells him if he has 
spent too much time analyzing or repairing the board. 
These are designed to reduce the amount of time spent 
repairing boards that have little chance of being 
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corrected. 
TRACS Configuration 
TRACS in available in two different configurations: 
-Tester-based TRACS 
-central-based TRACS 
Tester-based TRACS allows the tester to act as the 
central station of the TRACS system. It uses the DEC 
LSI 11/23 Central Processing Unit of the GenRad 2275 In-
Circuit tester as the TRACS central processor. 
Recommended hardware includes 1 megabyte internal 
memory, a 26 or 50 megabyte Winchester disk drive, a 
printer, and a "background" terminal which allows a test 
engineer to do program development in a time-sharing 
manner while the tester is in use. 
A kit is available to upgrade a 2275 tester to a 
TRACS system central station. It includes TRACS 
software, memory upgrade, a barcode wand and barcode 
interface card. A Network Interface Module (NIM) is 
required to tie the 2275 to the GRnet. Software is 
available to tie a second 2275 to this TRACS tester-
based system, and up to six 2701 touch-screen/barcode 
wand terminals can be supported for repair/analysis 
stations with tester-based TRACS. 
Cost for TRACS on one tester with one 2701 terminal 
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is approximately $25-30,000. 
Central-Based TRACS runs on a stand-alone DEC 11/23 
(2293) or an 11/44 (2294). rt features 1 megabyte main 
memory and between 50 megabytes and 1200 megabytes of 
hard disk storage depending on which system is 
purchased. Magnetic tape drives can to be used to back 
up the databases (it takes about 2 hours to back up an 
80 Mg drive to tape, and would require 3 tapes). GenRad 
suggests running the system in a mode known as "shadow 
disk recording" where all information is written to two 
disk drives but only read from one. In case of a disk 
crash, the remaining disk would have saved all the data. 
Disk space of 80Mg should hold several months worth of 
data. The disks have two inputs and allow 2 CPU's to 
access them, so one CPU could be kept on standby in case 
the other CPU system failed. 
The TRACS central station can be used to store test 
programs for automatic download to the testers when 
requested by an operator. 
While tester-based TRACS cannot be used as a backup 
for central-based TRACS, a backup 2293 or 2294 TRACS 
system could be used for automatic test program 
generation and program development. 
Up to 63 "nodes" or connections are available on 
the TRACS network. However, it would be suggested that 
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GenRad run a loading study on the particular application 
before the system was purchased. 
Central-based TRACS costs $150-200,000 including: 
- 2293 central host computer 
- 2-80 Megabyte disk drives 
- TRACS software 
- Tester interfaces 
- several 2701 stations 
- 2 Management terminals 
The TRACS 2294 can be used for automatic test 
program generation, which allows large amounts of the 
test program to be generated from libraries of part 
programs. It can input the CAD data from an IBM or 
Computervision PC board design system. It was state~ 
that IGES, a graphical data exchange standard for CAD 
data, is not supported. The ATG generates both the 
test program and the layout for the bed-of-nails 
fixture. A feature called "DigiQuicks" is available 
from GenRad to automatically wire the bed-of-nail 
fixtures from CAD data. 
Another package, SCAN (Semiconductor Component 
Analysis Network), is available to work with TRACS for 
incoming inspection, parts tracking, and analysis of the 
quality of incoming component parts based on test 
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results of the device functional testers. 
The 2701 touch-screen terminal uses a barcode wand 
or optional ($400) keyboard to enter data. It features a 
Z-80 processor and 128 Kbytes of local memory. It has 
the intelligence to hold repair information locally and 
only communicates with the host computer when requesting 
a board's data or uploading repair results. It has a 
built-in NIM to connect directly to a GRnet or an RS-232 
port to connect to some non-GenRad tester. It has 
software to make it appear to be either a 
repair/analysis station, a manual entry station for 
applications such as visual inspection, or as an 
interface to a non-GenRad tester. This software is 
automatically downloaded from the central host when an 
operator logs in. 
In the non-GenRad tester mode it can input data 
from a tester that cannot connect directly to the 
GRnet. This is done through a custom-built interface 
to the tester and enters through the 270l's RS-232 
port. Of course the user must write the software on the 
non-GenRad tester to output the data in a TRACS 
compatible form. 
In a manual entry station mode, it accepts data 
about a process step that cannot automatically write to 
the network. A visual inspection operation is an example 
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of this. Here the operator would wand the board and 
enter observed defects that would be repair later. 
Menus for data entry are not redefinable they are 
fixed by GenRad. 
The GRnet is GenRad's network. A network 
interface module (NIM), which is built into the 2701 
terminal, is required for each 2275 tester tied to the 
GRnet. A NIM costs several thousand dollars each, and 
provide connections to the GRnet in a "daisy chain" 
fashion. If the tester goes down, the connection is not 
lost between all other nodes on the net. 
GRnet is carried on two coaxial cables which can be 
run up to 2000 feet. It uses a polling technique whereby 
"active" nodes are constantly polled but any "inactive" 
nodes are polled on a very infrequent basis. If they 
wish to come onto the net, they wait until polled then 
are made active. Up to 63 nodes are allowed. The TRACS 
data packets are up to 2000 bytes in length. 
RS-232 "Long Haul" links are available to tie to 
central computers together. The protocol is published 
and software to transmit data between two centrals is 
available. It is conceivable to connect the central 
computer to a plant host for exchange of data. 
11) 
Impressions of the TRACS System 
The GenRad TRACS system, when used with an in-line 
test strategy of in-circuit testlng, would seem to be a 
desirable system to have in the testing environment. 
The type of information available to do trend analysis 
is excellent, but the system is fairly ''closed", that is 
it does not lend itself to be reconfigured easily by the 
user to suit his own needs. 
Examples: 
-Inability to change to screen formats presented to 
repair workers. 
-Use of the GRnet and the expensive NIM's to 
connect to it. 
-Use of RS-232 to tie central host to any 
other system -- an high-speed data link 
would be desirable for this use. 
-Lack of ability to tie the system into any other 
CIM system through relatively simple means. 
These problems are to be expected in a turn-key 
system like TRACS. However, they do impede its 
integration into the factory automation system because 
it is designed to be a GenRad stand-alone tester 
system. 
Overall, TRACS appears to do a very good job at 
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what it is meant to be -- a "Paperless Rework System". 
It handles one part of the factory integration problem 
in a competent fashion. However, before a company 
purchases such a system it should thoroughly evaluate 
its needs both in the test-repair loop integration (as 
TRACS does) and at tying the test data to other 
processes such as automatic insertion and wave 
soldering (which TRACS does not address). 
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INFORMATION ON THE ZEHNTEL 700 PAPERLESS REPAIR SYSTEM 
General Description of the Zehntel 700 System 
Zehntel sells a test line automation and data-
collection system in an "unbundled" form (10). The main 
processing unit is the Zehntel 700 Net Workstation, with 
a 68010-based UNIX operating system, up to 4 megabytes 
of main memory, and either a 169 or a 474 megabyte hard 
disk drive for long-term storage. The system is designed 
so that as the needs of the user grows, more 700 systems 
may be put on-line. 
The system is networked to Zehntel test sets over 
an Ethernet via 50 ohm coaxial cable, and may talk to 
non-Ethernet testers, repair stations, or terminals over 
RS-232. Each 700 system supports up to 16 ports, but the 
recommended maximum configuration is 4 testers and 4 
L~paiL station~ on one 700 system. As stated before, 
more 700 systems may be attached to the Ethernet to 
provide expanded capacity. 
The 700 system runs several software packages. 
They are: 
Produccr2 -- An automatic test program generator 
that features the same abilities as found on a 
Zehntel tester, including program creation, 
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editing, and maintaining of libraries of digital 
and analog components 
Program Manager -- which stores test programs; 
an operator just bar-code reads the fixture on the 
test set and the 700 system automatically downloads 
the correct program to the tester. 
Factory Observer -- includes a relational database 
(INGRES) which collects failure information from 
test sets and can generate reports on fault counts, 
board counts, yields, and repair effectiveness. The 
Factory Observer database is used by the IRIS 
system. 
IRIS (Integrated Rework Information system) -- a 
paperless repair system that gives repair operators 
direct access to the database through color 
terminals with a light pen and bar code wand to aid 
in the repair and board tracking process 
There is no "real-time warning" system available to 
provide immediate feedback to a manager's terminal when 
consecutive failures at a test set trip some pre-set 
threshold level, as is available on the GenRad TRACS 
system. 
Operating Description 
In a typical system configuration, tho system 700 
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would be connected to Zehntel 810/850/860 series in-
circuit testers via an Ethernet connection (priced at 
$3000 per tester), several repair and rework station 
terminals ( $7600 per color terminal or $2700 per black 
and white terminal), and management stations ($2700 per 
terminal). Non-Ethernet compatible testers may be linked 
to the 700 via RS-232 cabling. While they do not 
specifically support the General Motors Manufacturing 
Automation Protocol (MAP) network, they do claim that 
they might support it at some future date. 
Several modes are supported. Using the Program 
Manager software resident on the 700 system, a test set 
can request that a program stored on the 700 be 
downloaded to the tester. This is done through wanding 
a bar code on the test set's bed-of-nails fixture, or 
through direct keyboard entry of a program name or 
number. The advantage to using the bar-coded exclusively 
is that an operator could only request that specific 
fixture's program and no other. 
In the Producer2 mode, the test engineer uses the 
700 system to create test programs, either manually or 
with the automatic test program generator (ATG). This 
mode, also supported on tho Zehntel 8XX series tester, 
trees ~p the test sot for production use. The engineer 
can also edit to~t progra~s in tho Producor2 oodo. 
Libr.iril•n of sovorl'il thoun,,nd individual cor.ponontn 
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(!C's, resistors, etc.) are maintained for use in in-
circuit test program generation. 
The Factory Observer and the IRIS systems work very 
closely. The Factory Observer is a data collection and 
management package that will collect and analyze the 
following types of data from test sets and repair 
stations: 
- Board Types and Counts at Each Manufacturing Stage 
- Fault Types and Counts 
- Yields 
Factory Observer uses the INGRES relational 
database to store this information, and can generate the 
following ''standard reports": 
- Average Fault count 
- Board Count 
- Test and Repair Success 
- Failed Board Counts 
- Passed Board Counts 
- Faults Found and Repaired 
- Yields 
The reports can be displayed in either graphical or 
tabular form on a color or monochrome monitor, or on a 
printer. Users may generate custom reports, but this 
would require more customized programming work. The 
Factory Observer soons to, at best, generate tho most 
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basic reports on yields, equipment usage, etc. It is 
called a "manager's interface to the test database", 
implying that it is trying to keep the information 
retrieval process simple. 
Two databases are kept on the Factory Observer 
system -- the Real Time Database which stores "events" 
such as test results or repair data on a board, and the 
output Database which is used to generate the reports. 
Individual data on boards is only retained for the time 
that the board spends in the test and repair loop; after 
that it is aggregated with other boards' information for 
permanent archiving to tape or disk. The 169 MG hard 
disk might be able to store a moderate production rate's 
data if the test and repair loop were several days long; 
any high-volume or long process time-products would 
likely require the 474 MG hard disk. Tape cartridge 
backup for the 169 MG and reel-to-reel tape backup for 
the 474 MG are available. 
The IRIS system ties into the Factory Observer and 
provides the rework and repair operators with access to 
the failure and diagnosis data that is generated by the 
test systems when they find a bad board. When the 
repair person receives a board, they bar-code wand it to 
enter the board serial number into the system. The 
system displays the nu~~cr of times the board has been 
120 
through the repair loop and itemizes the failures found 
by either a test set or another repair operator. Through 
test engineer programming, the system will be able to 
tell the reworker what part to replace or where to look 
for shorts. It will also flag a board which has passed 
through the rework loop too many times and should be 
discarded. The threshold number is set by the test 
engineer. 
The operator chooses which repairs he will do to 
the board by choosing the appropriate line of the 
display on the monitor with the light pen. The operator 
can also add, through a menu, any new faults found, 
their location, and type. All of the repair operator's 
functions may be accessed with a light pen, eliminating 
the need for a keyboard at the station. When an operator 
is finished working on a board, all of the changes are 
automatically updated on the 700 system's database. 
None of the menus presented to the repair operators 
are changeable by the user. This means that the system 
cannot be easily reconfigured if a new application was 
desired or if the user wished to make customized changes 
to the form data is presented to operators. As with the 
TRACS system, examined earlier, the "smarts" of the 
system, its ability t0 accurately diagnose faults and 
facilitate repair, is dependent on the test programmer 
and the analysis done by the operators on the board. 
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There would likely be a learning curve that the user 
would encounter as a new printed circuit board type is 
brought on-stream; after failure modes and their affects 
are discovered, this information could be entered into 
the system to give the reworkers better guidance in 
their repair efforts. 
Compatibility and Expandability 
The 700 system has the ability to work in parallel 
with other 700 1 s in the Ethernet test environment; thus, 
as the applications grow, more systems could be brought 
on-line. There would be some configuring done to divide 
the load between the systems. Data packets carry the 
address of the specific 700 system they were destined 
for. 
Non-Zehntel systems could conceivably be attached 
to the system, but they would require special software 
handlers to translate the ASCII data into the Zehntel 
format. Computers of other vendors could also be 
attached to the network and be made to talk to the 700 
systems, but no specific host-to-server communications 
to support hierarchical control are available. 
Each repair terminal is in constant contact with 
the 700 system when communicating repair and rework data 
-- thPrQ i~ no loc~l i~tclligcnce at tho repair worker's 
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terminal to store a board's worth of data. Thus, if a 
system crash occurs, all transactions in progress at 
that time will be lost. Also, there are no provisions 
for "shadow data" recording onto two disks at once; this 
means that if a disk is lost, all the data since the 
last backup is lost. 
HARDWARE INTERFACES: 
The system supports Ethernet Version 1.0 over 50 
ohm coaxial cable with a maximum distance between 
stations of 2.5 kilometers using carrier sense multiple 
access/collision detection. Protocol is Transmission 
Control Protocol (TCP) and Internet Protocol (IP) 
ARPANET Standard supported by UNIX, Eight RS-232 
and two RS-423 ports are available 
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PRICES -- 700 system 
169 MG hard disk system with tape cartridge backup 
$104,000 
474 MG hard disk system with reel-to-reel tape backup 
and color terminal $136,000 
IRIS Repair & Rework terminal (color),bar code wand, 
and light pen (each) $7,600 
Managers Terminal (each) $2,700 
Factory Observer, Producer2, Program Manager software 
$22,000 
IRIS Software comes with 700 system 
Typical Configuration: 
System w/ IRIS, and other software, 25 stations, 
five manager's terminals $360,000 
Impressions of the Zehntel 700 System 
As with the GenRad TRACS, the Zehntel 700 is a 
turn-key paperless repair system which provides 
automatic data collection and report generation, program 
storage and editing, automatic test program generation, 
and rework assistance. It does indeed eliminate much of 
the need for paper in the repair loop. 
The Ethernet architecture of the network and tho 
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distributed processing concept of multiple 700 systems 
seems to indicate a more open-ended system than GenRad 
TRACS which can only support a fixed number of testers 
and terminals on each central system. 
The 700 system may well be a solution for a factory 
which wanted to immediately automate the test-repair 
activity; however, it should be studied closed to 
determine how easily it could be expanded to fit into 
the plant-wide integrated manufacturing system. 
Hardware connections to Ethernet exist, so the majority 
of the work would likely be in software generation. The 
700 contains a powerful 32-bit minicomputer which might 
form the basis of the factory integration system. 
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APPENDIX C 
DESCRIPTION OF THE WIEBE TEST LINE 
The Wiebe test line is an automated storage and 
retrieval system designed to transport totes of printed 
circuit boards between the various stages in the test 
process. 
The physical layout of the Wiebe test line is 
shown in Figure 14. Boards passing post-wave solder 
inspection are loaded into totes and transported to a 
"gravity flow rack" which holds the various categories 
of tested boards in separate queue areas. 
The totes are first transported to the Fluke tester 
where they are removed and tested. Good boards and bad 
boards are separated into respective totes and returned 
to the rack. 
The totes are then transported to the data 
separator tester for testing. Good and bad boards are 
separated into their respective totes and return to the 
rack. If a functional tester is free, the tote of good 
boards can go to that tester. 
At final systems test, the boards are unloaded and 
tested, with provisions for robotic loading and 
unloading of the test equip~ent. Boards which pass can 
now exit the line to a final bracket assembly operation, 
or return to the flow rack. 
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The GenRad in-circuit tester can receive boards 
from either of the areas in the rack which are holding 
data separator or functional failures. Once it 
diagnoses the board, it goes to the appropriate rework 
location. 
Using the information that was gathered as part of 
this thesis, a computer simulation model of the Wiebe 
system was developed by the company. The model was 
written in SLAM, a FORTRAN - based simulation language, 
and was run on an IBM 4341 computer under VM/CMS. 
The model allows various machine cycle times, 
yields, and flow configurations to be examined without 
having to actually build the entire system in real life. 
rt was used in this study to compare the current test 
flow in the factory to a proposed in-line strategy. 
As a result of using the model, several interesting 
facts emerged. If all the test sets are running and no 
breakdowns occur, boards will pass through all stages of 
testing and exit the line in an average of 2,4 hours 
using the current flow, compared to 2.05 hours using the 
in-line flow. The minimum time a board can spend in the 
system is approximately 2 hours and the maximum time is 
about 4 hours for both flows. 
If, in the current flow, one of the two Fluke 
testers used should go down for 2 days, tho backlog of 
boards raises tho average ti~o a board nponds in the 
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system to 11.2 hours with a maximum of 36.5 hours. It 
would take more than four days for the queues at Fluke 
testing to completely clear. For this reason, two extra 
Fluke testers are always available to backup the two 
which are on-line. 
However, in the in-line test strategy where 
GenRad in-circuit testers replace Flukes, if one 
of the 3 available GenRad's were to be off-line for 2 
days, the backlog only amounts to an average board 
waiting time of 2.9 hours with a maximum of 7.5 hours. 
Within one day all backlogged boards have p~ssed through 
the system. 
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APPENDIX D 
CALCULATIONS OF THE UNIFORM ANNUAL COST OF EQUIPMENT 
(Based on the Capital Recovery Factor, CRF, a method 
of making uniform annual payments at the end of each of 
n years to yield the specified interest rate i) 
(3, p. 43). Here n=5 years and i=l5%: 
n 
i(l+i) 
CRF = ------------
n 
(l+i) 1 
UAC = Initial Cost X CRF + Annual Operating Expenses 
Case# UAC 
------
1 $0 
2 200,000 X .2983 + 10,000 = 69,660 
3 200,000 X .2983 + 20,000 = 79,660 
4 300,000 X .2983 + 40,000 = 129,490 
5 400,000 X .2983 + 80,000 = 199,320 
6 100,000 X .2983 + 5,000 = 34,830 
7 300,0GO X .2983 + 15,000 .. 104,490 
8 500,000 X .298] + 35,000 C 184,150 
g 500,000 X .2983 + 35,000 = 184,150 
10 800,000 X .298) + 65,000"' 30),6~0 
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